University of South Florida

Digital Commons @ University of South Florida
KIP Articles

KIP Research Publications

June 2013

International Journal of Speleology
Speleologica Italiana Società

Follow this and additional works at: https://digitalcommons.usf.edu/kip_articles

Recommended Citation
Società, Speleologica Italiana, "International Journal of Speleology" (2013). KIP Articles. 2822.
https://digitalcommons.usf.edu/kip_articles/2822

This Article is brought to you for free and open access by the KIP Research Publications at Digital Commons @
University of South Florida. It has been accepted for inclusion in KIP Articles by an authorized administrator of
Digital Commons @ University of South Florida. For more information, please contact scholarcommons@usf.edu.

ISSN 0392-6672

International Journal of Speleology
Off icial Journal of the Union Internationale de Spéléologie

Volume 42 (2) - May 2013

International Journal of Speleology

Scholarcommons.usf.edu/ijs/ & www.ijs.speleo.it
Volume 42(2), May 2013

Editorial
Jo De Waele

.............................................................................................................................................................................................. I

Original papers
Carole Nehmé, Christophe Voisin, Armand Mariscal, Pierre-Charles Gérard,
Cécile Cornou, Badr Jabbour-Gédéon, Samer Amhaz, Nancy Salloum,
Nada Badaro-Saliba, Jocelyne Adjizian-Gerard, and Jean-Jacques Delannoy
The use of passive seismological imaging in speleogenetic studies: an example from Kanaan Cave, Lebanon ........97-108

Rolan Eberhard and Chris Sharples
Appropriate terminology for karst-like phenomena: the problem with ‘pseudokarst’...............................................109-113

Jiří Faimon and Marek Lang
Variances in airflows during different ventilation modes in a dynamic U-shaped cave...........................................115-122

Antonia Dolores Asencio and Teodoro Espinosa
La Serreta endokarst (SE Spain): a sustainable value?............................................................................................123-132

Vlastimil Růžička, Petr Šmilauer, and Roman Mlejnek
Colonization of subterranean habitats by spiders in Central Europe.......................................................................133-140

Jan Bauermeister, Karoline Assig, and Sharmishtha Dattagupta
Exploring the sulfide tolerance of ectosymbiotic Niphargus amphipods from the Frasassi caves, central Italy.......141-145

Devon Rule and Naowarat Cheeptham
The effects of UV light on the antimicrobial activities of cave actinomycetes............................................................147-153

Bence Paul, Russell Drysdale, Helen Green, Jon Woodhead, John Hellstrom,
and Rolan Eberhard
A model for the formation of layered soda-straw stalactites.....................................................................................155-160

Rafał Ogórek, Agnieszka Lejman, and Krzysztof Matkowski
Fungi isolated from Niedźwiedzia Cave in Kletno (Lower Silesia, Poland)................................................................161-166

Book Reviews
Gianni Zanchetta
Ian J. Fairchild and Andy Baker, April 2013, Speleothem Science: From Process to Past Environments.
Wiley Blackwell, Hardcover, 450 pages, ISBN-10: 1405196203, ISBN-13: 978-1405196208, € 57 ............................. II

Arrigo A. Cigna
Trevor Shaw and Alenka Čuk, Slovene Caves & Karst, pictured 1545-1914. Založba ZRC, Ljubljana , 2012.
ISBN 978-961-254-369-3, 230 pp. 200x290, 258 b/w and colour illustrations, paper cover, € 25.00........................ III

Arthur N. Palmer
Neven Kresic, 2013, Water in Karst: Management, Vulnerability, and Restoration, New York, McGraw-Hill, ISBN 9780-07-175333.3, 19x24cm, 736 p. + 14 p. of color plates, hardbound, US $125 (also available as e-book).................. IV

World Karst Science Reviews
Acta Carsologica of the Karst Research Institute ZRC SAZU
Volume 41(2-3), 2012................................................................................................................................................ V

Cave and Karst Science of the British Cave Research Association
Volume 39(3), December 2012................................................................................................................................... V
Volume 40(1), April 2013.......................................................................................................................................... VI

Journal of Cave and Karst Studies of the National Speleological Society
Volume 75(1), August 2013....................................................................................................................................... VI

Editorial
Here I am, writing my final Editorial for the International Journal of Speleology.
Following the decision to publish the IJS on a 4-monthly basis, this is the second issue of 2013. The flood
of new articles being submitted is continuing, thanks in part to the high Impact Factor (IF), but I’m afraid
this might fall a little this year.
January’s issue contained 9 articles totalling about 100 pages, and this May issue contains a similar
number of articles and pages. More than 20 new submissions are bubbling in the editorial pot, so we
are confident that the September issue will be equally rich. What’s more, the greater the number of (high
quality) articles we publish, the more stable our IF should become. Certainly we shouldn’t worry too much
if the IF behaves a bit like a yoyo from time to time. Overall we simply have to keep receiving and accepting
worthy scientific articles that will certainly be read and referenced by the scientific community.
Now that the journal is available online-only, I hope that the change of publication policy hasn’t created
too many problems for our readers. The possibility of providing a Print on Demand (POD) option is still
being explored, but currently we are struggling to find someone to handle this job. Ultimately, those readers
who do need or prefer a paper version will probably know where and how to produce a printed copy for
themselves, potentially saving money in the end considering that postal handling services are expensive
these days.
In the next issue Bogdan will probably be writing his first IJS Editorial, and no doubt as he settles into the
role he will introduce modifications that will continue to improve the Journal. Equally I am confident that we
will all give him whatever support and encouragement he needs in meeting the challenge of editing the IJS.
My work as Editor-in-Chief of the IJS for seven years has given me immense satisfaction, as well as
bringing me into contact with lots of colleagues around the world. Of course it was hard work, but I have no
doubt that it was all worth the effort. Now I will have more time to dedicate to my own research, planning
new projects and writing more articles.
Many thanks to the many individuals who have encouraged me throughout these seven years; without
their friendship, their suggestions and their criticisms the journal could never have become what it is now.
I hope I’ll see you around (perhaps in one cave or another…).

Jo De Waele
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Abstract:

Keywords:

Among many parameters that control the evolution of caves stands the volume of
unconsolidated clay sediments generally produced by the alteration of the calcareous rocks.
Here we introduce the use of a passive seismological imaging technique to investigate the clay
deposits and estimate its total volume in a cave. Applied for the first time for speleogenesis
studies, the HVSR (Horizontal / Vertical Spectral Ratio) is a geophysical technique that
can help better interpret cave geomorphology. We apply seismological spectral techniques
(H/V ratio) on ambient noise vibrations to derive the clay volume, as well as its shape. This
technique applied on the clay volume reveals some internal details, such as fallen blocks prior
to the deposit accumulation and helps to understand deposit evacuation dynamics. The study
focuses on the Kanaan Cave, located in Metn District, Lebanon, and reveals new stages
related to the cave speleogenesis. This technique could be applied on ‘paragenetic’ caves
where clay volume is frequently present in order to constrain the clay volume and reconstruct
the buried floor shape of the cave, underneath the clay deposit.
speleogenesis; HVSR; sediment thickness; Kanaan Cave; Lebanon
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INTRODUCTION
Caves are among the most conservative environments
in the evolving landscape (De Waele et al., 2009, 2011)
and also act as traps of sediments (Farrant & Smart,
2011). Many speleogenesis studies focused on the role
of sediments in cave evolution (Ford & Ewers, 1978;
Quinif, 1988; Lauritzen & Lauritsen, 1995; Palmer,
2007; Plan, 2010). Sediment deposition in caves can
lead, in specific geological contexts, to paragenetic
processes (Renault, 1967; Pasini, 2009). Extensively
described in the 1960s and 1970s (Renault, 1968),
the process of paragenesis occurs in phreatic
conditions when clay sediments fill in the cave and
accumulate in the lower parts of the cave conduits.
Sedimentation often protects these parts of the cave
from dissolution that is directed upwards and creates
series of typical morphologies such as: dissolution
pockets, ceiling half-tubes, pendants, etc (Ford &
Williams, 2007). Paragenetic processes are associated
*Carole.nehme@univ-savoie.fr

with base-level rise (Mocochain et al., 2006; 2009).
Some karst studies revealed that paragenesis can
occur in certain regions (e.g. Ardèche Basin, France),
where the conditions of evolution of paragenetic caves
were favorable, during the Pliocene period (Camus,
2003; Delannoy et al., 2004, 2009; Audra et al., 2009;
Blanc, 2010). Paragenetic caves are commonly infilled
with clay sediments that can reach several metres
height (Perroux, 2005; Jaillet et al., 2007). A similar
problem takes place also in the Kanaan Cave located
in the village of Nabay, in North-Metn district, 6 km
north east of Beirut city (Fig. 1). It was discovered in
1996, throughout continuous quarrying exploitation
in Antelias valley. The massive clay layer of several
metres height covers the bottom of the cave.
Therefore, speleogenetic studies on paragenetic caves
are limited to the observation of morphologies seen
on ceiling and cave walls when the sediments are not
totally evacuated from the cave. These studies based
only on observation of geomorphology cannot reveal the
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Fig. 1. Left: General map of Lebanon. The country is divided in the Mount Lebanon chain, the Anti Lebanon chain, separated by the Bekaa Valley.
Right: zoom in from Beirut to jounieh showing the location of the Kanaan Cave with respect to the main features of the local hydrology.

dynamics of the cave such as collapse phases or clay
evacuation during cave evolution history. This paper
proposes the use of a passive imaging technique that
can be applied on clay deposits in caves as one possible
method to complete the method of geomorphologic
mapping (Delannoy, 2001) for speleogenetic studies.
Many geophysical methods commonly used
in exploration have potential application to
geoenvironmental investigations in karstic terrains,
such as seismic methods (Nakamura, 1989), ground
penetrating radar (GPR) technique (Milsom, 1996),
and electrical resistivity tomography (ERT) (Warner,
1969, Telford et al., 1990). Seismic methods such
as HVSR (Horizontal to Vertical Spectral Ratio) or
Nakamura’s method (Nakamura, 1989) are commonly
used in the field of seismic hazard to evaluate seismic
wave’s amplification in sediments sites (Lachet et
al., 1996). This survey method can also be used for
geological mapping, primarily in areas covered by
vegetation and Quaternary sediments, and provides
information on the depth of soft cover layers (Ibs-Von
Seht & Wohlemberg, 1999). Seismic methods and GPR
can also be used to trace caves (Chamberlain et al.,
2000) and determine soil thickness in archeological
sites (Blais, 1999; Hobléa, 2000). Both methods
are applicable to the identification of air- or waterfilled openings (Hoover et al., 1992). However, GPR
techniques commonly used in archeological sites can
be inefficient when applied on surficial wet clay layers,
because of the strong signal attenuation in these types
of soils (Jessop, 1995).
Electrical resistivity techniques (ERT) are widely
applied in karstic terrains. It can be exploited for
geological and hydrogeological research, such as: i)
tracing cave systems (Gibson et al., 2004; Guerin et
al., 2009), ii) searching for discontinuities in limestone
rocks (Harvitch & Valenta, 2011) and determine soil
depth in covered karst terrains (Zhou et al., 2000). It can
also provide useful data for natural hazards (collapse)
in karst terrains (Brinkman et al., 2008; Cooper et al.,

2011). These techniques can be used also in subsurface
investigations and can determine deposit thickness in
archeological sites (Burger, 1992), mines and caves
(Kauffman, 2002). However, electrical resistivity signals
are less accurate when it comes to identify clay thickness
near cave walls, due to edge effects (Kauffman, 2002).
This paper proposes to use HVSR passive imaging
technique for several reasons: (i) this seismic method is
a non-disruptive procedure adapted to a hilly landscape
and does not require the use of trial pits or drilling,
precluded in archaeological caves; (ii) This technique is
widely used in classical seismology and leads to estimate
both velocity and depth of soft sediments (sand, clay)
lying over rocks (limestone; granite), i.e. presenting a
large impedance contrast between both materials. A
cave is suitable to test this technique, because of the
very soft clays lying over hard limestone rocks; (iii) we
generate a 3D seismic map of the depth of clay in the
Kanaan Cave derived from a HVSR survey. The results
are validated using data from an ERT traverse across
the sediment fill. Both methods are consistent and
improve observation of the lower and bottom part of the
Kanaan Cave conduit and provide additional answers
for speleogenesis stages of Kanaan Cave.
Cave description
The Kanaan Cave is located 98 m above
Mediterranean Sea level and 30 m above Antelias
river thalweg. The cave is a relict conduit and now
disconnected from the active hydrological network
of Antelias Spring System. The cave is 162 metres
long and can be divide in three main areas (Nader,
1998; Nehme et al., 2009b) (see Fig. 2): i) the entrance
gallery updated during the exploration of the cave.
The entry shows some fragments of drapery and
calcite flowstone; ii) the collapse areas formed by
two chambers (collapse I and II) (Fig. 3) located on
both sides of the entrance gallery. Blocks fallen from
the roof top and clay sediment constitute the main
deposit of this part; iii) the calcite area (the corridor
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Fig. 2. The geomorphological map of the Kanaan Cave.

calcite gallery) in the deepest part of the cave (Fig. 4)
is filled with stalagmites and calcite formations
(flowstone, stalactites, stalagmites, cave pearls, calcite
curtains …) that cover a large volume of clay deposits.
Several studies were undertaken in Kanaan Cave:
i) analysis on petrographic characteristics of cave
pearl formations (Nader, 1998; 2007), ii) phases of
valley incision and paleogeographical reconstructions
based on cave geomorphology (Nehme et al., 2009a) ,
and iii) paleoseismic data for a better seismic hazard
analysis (Lacave et al., 2011).

GEOMORPHOLOGY AND
GEOLOGICAL SETTINGS
The Lebanese landscape is characterized by two
mountain chains (Mount-Lebanon and Anti-Lebanon)
separated by the Bekaa Plain (Fig. 1) with a variety of
surface karstic forms as well as endokarstic network
systems. Both mountain chains are formed by
middle and upper Jurassic limestone and dolostone
formations. Cretaceous rocks cover mountains
flanks. The western chain (Mount-Lebanon) is a
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Fig. 3. Photo of the clay outcrop inside the Kanaan Cave, Collapse
chamber A buried block is visible 50 cm below the upper surface of
the clay deposit. That depth is consistent with the one revealed by
HVSR.

(Fig. 5). The limestone stratum is partially covered,
in the upper part of the basin, with sandstone
formations (C1) in Bhannès and Bikfaya villages
while the downstream part is covered by residual
red soil. Both sandstone and red soil constitute the
main source of cave deposits in the area. The Aptian
(C2)–Albian (C3) formations, located downstream of
Antelias river basin, constitute an impermeable level
and separate the Jurassic and karstified plateaus
from Antelias coastal plain filled with Quaternary
deposits. The karstic Fouar Antelias spring is located
at 33 m a.s.l. between the Jurassic limestone and the
Cretaceous impermeable Aptian/Albian formations.
Thus, this structural contact sets the water table
level of the Antelias karst drainage at 33 m altitude
and controls partially the karstification of the area.
The tectonic setting (Walley, 1998; Gédéon, 1999)
of Antelias region indicates local and regional
faults with a NNE-SSW and E-W orientation. The
Kanaan Cave chambers and galleries are NW-SE
oriented due to the local fault directions. These
faults contribute to the rapid water infiltration into
the karst system.

KANNAN CAVE SPELEOGENESIS

Fig. 4. In the calcite area, the corridor gallery shows different types of
calcite formations (drapery; flowstone; speleothems). The flowstone
covers the clay sediment. In the ceiling, we observe several arches
separated by cupolas of several metres height.

NNE-SSW monocline (Dubertret, 1955) and borders
the Mediterranean Sea. The northern part of MountLebanon (ML) rises to a series of plateaus more than
3000 m height. The mountain displays gentle slopes
on its eastern flank and steeper ones on its western
side. Along the coastline sector, the Cretaceous
formations are made of steeply dipping beds (45 to
90° of dip angle), generally parallel to ML western
flexure trend (Walley, 1998).
The area of study is located in the central part
of ML chain. Located 10 km north of Beirut city,
the Antelias River has 20.4 km2 of catchment
area and drains directly to the Mediterranean Sea
(Fig. 1). Feeding the Antelias River all over the
year, the Fouar Antelias spring catchment area is
ten times larger (208 km2) than the Antelias River
catchment area: dye tracing (Hakim & Karakabi,
1988; Labaky, 2005) confirmed a hydrogeological
connection between Fouar Antelias Spring and
Fouar Dara and Qattine Azar underground rivers
located at Tarchich village, in the upper basin of
Beirut river (Fig. 1).
The Antelias area is mostly formed by middle
Jurassic dolomitic limestone (J4-J5) (Dubertret
1955; Walley, 1998). This extremely karstified
area is known for its high concentration of caves
and subterranean networks (e.g. Kassarat, Nabaa
el-Chataouieh, 22 April, Bear, el-Dahr, Kanaan)

The speleogenesis of Kanaan Cave is divided
into three stages (Fig. 6). The speleogenetic
reconstitution based on observation of morphology
and formations (Nehme et al., 2009a) showed that
sediment deposition, in the initial phase of the
cave development led to paragenetic processes. The
speleogenetic analysis inserted within the geological
settings of central Mount-Lebanon area revealed
that the cave developed in a palaeo-phreatic zone
of the karst (Nehme et al., 2009a) with a high
watertable level. The reconstitution of the cave
history is proposed by using a relative chronology
approach:
Stage 1 (Fig. 6; Phase 1): The initial stage in the cave
development is related to a phreatic environment
where water slowly circulates in karst fractures
and the water base-level is higher than the cave
initial level formation. The rate of sediment input
exceeds sediment transport through the system
and clay deposits fill the cave (Farrant & Smart,
2011). Water circulates between the clay deposits
and the roof contributing to the dissolution of the
ceiling. At this stage, Kanaan Cave was simply a
thin phreatic channel of less than 50 cm height.
The cave enlargement continues upwards with
sediment aggradation filling the conduit until the
cave rooftop reaches the water table level. Some
phreatic lifts, scallops and clay deposits, notches
and dissolution pockets observed on the cave
ceiling, were formed during this stage. This process
is referred by (Renault, 1968) as ‘paragenetic
conditions’ or ‘per ascensum cave erosion process’.
The clay deposition in Kanaan Cave was associated
with a high water base level. The phreatic zone of
Antelias karst is, in this stage, at least above 100 m
a.s.l. and was related to the Antelias thalweg level set
at 70 m above the present thalweg level (30 m a.s.l.)
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Fig. 5. Geological settings of Antelias sector.

Stage 2 (Fig. 6; phase 2): The Antelias River incised
the valley and led to water table level migration
downstream of the valley. The cave is disconnected
from the Antelias karst system and develops in a
vadose environment. It is now located 30 m above
the actual Antelias River thalweg. Kanaan Cave
clay deposits are evacuated through cracks and
fractures. Clay deposit volume decreases along
with the evacuation process.
Stage 3 (Fig. 6; phase III & IV): Along with the
continuous reduction of clay volume, the cave roof
begins to collapse due to gravity. Calcite flowstone
and stalagmites are formed on clay deposits.
However, continuous evacuation of clay deposits
crack the flowstone and the stalagmites.
Open questions on the Kanaan Cave
The current morphology of Kanaan Cave is the
result of all three speleogenetic stages described
above. However some dissimilarity is observed
between the different areas of the cave when it

comes to the collapse process. On one hand,
collapsed strata from the rooftop are progressively
accumulated on the clay deposit of the collapse
chambers. On the other hand no evidence of collapse
(fallen blocks) has been detected in the calcite area.
However, two arches were observed there (Fig. 3)
and lead us to suggest a mechanical adjustment
of the cave arch in response to the decrease of clay
volume (Fig. 2; cave section UV). Similar arches
could not be observed in the collapse chambers.
These observations led us to address some questions
related to the sedimentation process within the
cave: what is the depth of the sediment fill? Was
the sediment emplaced in a single event, or is it a
multistage process? Were there periods of vadose
collapse followed by sediment emplacement?
The 3D seismic map and the ERT profile in the
area of clay deposits (collapse II and junction
chambers) provided new observations and answers
regarding the collapse process in Kanaan Cave as
well as the deposition of clay sediments.
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PASSIVE SEISMIC IMAGING OF THE
KANAAN CAVE, LEBANON
The Kanaan Cave has a large surface of clay deposit
with 457 m2 in the Collapse and Junction chambers.
The question we tackle here is to estimate the total
volume of clay at the present time and to image the
depth of clay in several points. In order to preserve
the environment of the cave, we make use of a passive
technique (HVSR).
The HVSR technique: a quick introduction
The Earth is continuously shaken by propagating
waves (either surface or body waves) whose origin
is found in wind and oceanic storms for frequencies
lower than 0.3 Hz, as well as in the human activities
for frequencies higher than 1 Hz (Bonnefoy-Claudet
et al., 2006a). These waves of small amplitude are
referred as to the seismic ambient noise. The passive
recording of seismic ambient noise is at the core of the
HVSR technique. Seismic recorders are deployed on
the volume of clay and record the 3D seismic ground
motion for about 15 minutes. An example of such a
recording is given in Figure 7A. The two horizontal
components (East and North) are markedly more
energetic than the vertical component (Up), as testified
by larger amplitudes of motion. This difference in
amplitude between horizontal and vertical motions
can be seen in the spectral domain that reveals the
spectral content of the seismic field, dominated here
by the sources of ambient noise, the shape of the
cave and the nature of the infillings (Fig. 7B). The
amplitude difference exhibits a dependence on the
frequency. To further emphasize this difference, the
ratio of both spectra is performed (Fig. 7C). In this
particular example, we can see that the ratio is close
to 1 for low frequencies in the range 0.5 to 5 Hz. The
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Fig. 6. Schematic speleogenetic reconstruction of the Kanaan Cave.

ratio shows a clear and strong peak at a particular
frequency called the fundamental frequency f0, before
going back to 1.
The HVSR technique is applicable where a soft
layer of material stands above a hard substratum.
The seismic impedance, defined as the product of the
seismic velocity β and the volumetric mass ρ plays a
primary role in the presence of a peak in the HVSR.
Indeed, the seismic energy produced by the different
noise sources propagates through the substratum
as body or surface waves. For the sake of clarity,
imagine a planar wave propagating upward through
the substratum. This seismic energy is transmitted
to the soft layer, characterized by low impedance
and propagates through the soft layer up to the
free surface. At this point it is totally reflected and
propagates downward until it reaches the interface
with the substratum. However, this time the seismic
energy is not transmitted again to the substratum,
because of the large impedance contrast. The lower
interface plays the role of a seismic mirror and the
seismic energy is reflected back to the soft layer. In
other words, the soft sediment layer acts as a trap for
seismic energy.
The wave field in the soft layer is made of upward
and downward propagating waves and will behave as
a resonator for some frequencies for which incoming
waves and previously trapped waves will be in phase,
leading to an amplification of the seismic motion at
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Fig. 7. A: 15 minutes of seismic noise measurements recorded inside
the cave at 100 Hz of sampling. We show here the three components
(East, North, Vertical in order). Note the continuous vibration of
the ground and the strong variations in amplitude. B: Estimation
of the spectrum of each component (blue and green: horizontal
components; red: vertical component). Note the strong peaks
visible in the horizontal components around 10 Hz. C: Horizontal to
Vertical Spectral Ratio (HVSR) reveals the fundamental frequency of
resonance f0, 10 Hz in this example.
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those frequencies. As a consequence, the HVSR will
show a peak at each of these frequencies. The lowest of
these frequencies is called the fundamental frequency
of resonance f0. It is intuitive that f0 (and its multiples)
will depend on the seismic velocity inside the soft layer,
the thickness of the layer, and on the shape of the soft
layer. Bonnefoy-Claudet et al. (2006b) showed that
those peaks in the HVSR can be linked to the Rayleigh
ellipticity peak, the Airy phase of the Love waves and/or
the resonance frequencies depending on the proportion
of these different types of waves in the ambient noise.
These values give, approximately, the same result for a
given ground. The HVSR could be a reliable method to
estimate the resonance frequency of a particular site.
Assuming a 1D problem (that is a soft layer infinite in
both horizontal directions), it was shown for a unique
sediment layer lying over the bedrock, that this value
f0 is related to the velocity of S-waves β and the thickness
of the sediment layer H following:
fo = β / 4H
It can therefore be used to map the bedrock depth,
once we know the S-wave velocity in the soft layer.

APPLICATION OF PASSIVE IMAGING
METHOD IN KANAAN CAVE
The Kanaan Cave is characterized by a large clay
volume that will be the object of our investigation. It will
act as a soft layer resonating over the hard limestone.
The survey is performed with Taurus seismic stations
equipped with 3 components velocimeters (CMG40 by
Güralp), usable in the range of 0.03 to 60 Hz.
Fundamental frequency mapping
The mapping of the thickness of the body of clay
requires performing noise measurements every 2-3
metres in both North and East directions. Given the
dimensions of the body of clay, the whole survey takes
about 130 measurements of seismic noise. At each
point, a fundamental frequency is estimated following
the procedure described above. These results are
then interpolated over the entire body of clay. The
fundamental frequency f0 ranges from 6 to 50 Hz. The
upper limit is set by the sampling frequency of the
stations, 100 Hz in the present study. Interestingly,
the clay body that looks so massive and coherent at
its surface presents strong contrasts when it comes
to f0 (Fig. 8). In the lower part of the cave, 5 different
areas present f0 values higher than 30 Hz. They
are located clearly inside the clay, suggesting the
presence of buried limestone blocks. On the contrary,
the upper part of the cave presents areas of high f0
that are located mostly on the edges of the clay body,
suggesting this time either a smaller depth of clay or
calcite formations buried inside the clay.
Despite the finite dimensions of the clay body that
impair the 1D approximation, we apply Equation 1
to derive the depth of the basement below the clay.
The measurements presented in Figure 5 provide us
with the fundamental frequency f0. It is necessary to
estimate the wave velocity β inside the body of clay to
derive the depth H.

Fig. 8. Map of the fundamental frequency f0 over the body of clay.
Interestingly, the body of clay that looks so coherent at the surface
presents strong lateral variations in terms of frequency of resonance.
The range of frequency goes from 6 Hz up to 50 Hz (the upper limit
due to the sampling of 100 Hz).

Estimation of the wave velocity β
Different techniques are efficient to measure the
speed of seismic waves inside the body of clay.
Some of them are active, and require a seismic
source strong enough to generate and propagate
seismic waves inside a seismic array. The mean
wave speed is derived from the time delays between
pairs of stations and their distance. However, given
the constraint to preserve the environment of the
cave as much as possible, we have used passive
techniques to estimate the velocity. The wave
velocity is derived by cross-correlation of the seismic
noise records at the different stations operating at
the same time. The average distance between the
operating stations is about 2-3 metres. We are
confident that the seismic wave field remains highly
coherent when propagating between the stations:
this is absolutely required to obtain a significant
cross-correlation. This technique has the advantage
to use the same dataset used to estimate the
fundamental frequency, and does not require extra
measurements. The cross-correlation is performed
on the 15 minutes of continuous recording between
all possible pairs of stations. The velocity β ranges
between 100 and 450 m/s. The lower limit for β is
typical for unconsolidated clays. We will consider
here that we have pure clay wherever we meet this
low velocity. The upper limit is not typical either for
clays or for limestone, whose velocity is higher than
2500 m/s which is the limit that we could measure
with the distances and the sampling frequency used
in this study. A value of 450 m/s is somewhere in
between the two end-members, clay and limestone,
and is interpreted here as the average velocity along
a path that encompasses both end-members. That is
there has to be a limestone block somewhere along
the path considered between the stations.
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Estimation of clay thickness
When f0 and β are estimated, it is possible to
estimate the depth H of clay. However, cautiousness
is required before applying Equation 1. This would
be straightforward if we had only pure clay inside
the body. However the presence of a limestone block
hidden somewhere inside has two effects. The first one
is to increase the fundamental frequency f0 because
the presence of the block limits the apparent thickness
of the clay. And the second one is to increase the wave
velocity β. Applying Equation 1 in such a case would
imply that we take into account the limestone block
two times. It is required to use the velocity of pure
clay (that is the lower limit measured above: 100 m/s)
to make sure that we do not include the limestone
effects in the computation. Figure 9 presents the map
of H, the depth of clay below the surface computed
for a wave velocity of 100 m/s. Assuming a 1D model
below each point of measurement, it is possible to
map the variations of depth all over the body of clay.
As can be seen in Figure 7, H is ranging from 0.5
up to 3.5 metres. These results need to be validated
by direct observations. For the same constraint of
preservation of the environment of the cave, drillings
were absolutely excluded. A direct observation is
possible in the slope of the body of clay, in a place
where a buried block is visible in outcrop. The
apparent depth of this block (1.5 m below the surface
of the clay) is coherent with the estimated thickness of
clay at this position derived from HVSR (between 1.5
m and 2 metres).
Another validation comes from the Electric
Resistivity Tomography (ERT) that we performed
along the longest dimension of the body of clay. This
technique has shown strong limitations in the context
of caves, due to edge effects that can dominate the
signal. To minimize these effects, we have performed
an ERT profile in the middle of the body of clay and

Fig. 9. Map of the depth of clay below the surface. The clay thickness is
computed from Equation (1) with an imposed velocity of 100 m/s. The
frequency map in Figure 6 directly converts to this map of thickness.
The high frequencies turn into thin clay deposits, and low frequencies
turn into thick clay deposits.

passing over the buried block visible in the slope
(Fig. 10). The electrodes were spaced every 20 cm
over the 25 m of extension of the clay body. Limited
by the number of electrodes, such a short distance
does not allow the ERT technique to image the
subsurface at depth greater than 4 m. The overall
thickness variations measured by HVSR along the
east-west axis of the body of clay are coherent with
the results revealed by the ERT profile. In addition,
the large contrast of resistivity between limestone
and clay makes the ERT technique suitable to
image the blocks of limestone buried inside the
body of clay. The buried block visible in the slope
is identified in the ERT profile by a resistivity of
1200 Ohm. Three more buried blocks appear
along the ERT profile, located half a metre below
the surface, in the central part of the junction
gallery. These locations are also coherent with the
estimated thickness derived from HVSR at these
locations and estimated between 0.5 and 1 metre.
Both techniques and the direct observation of
buried blocks are coherent and provide reasonable
estimates of the thickness of clay at every point as
well as the position of buried blocks of limestone
that are not visible at the surface of the clay.

RESULTS AND DISCUSSION: REVISITING
THE SPELEOGENESIS OF THE
KANAAN CAVE
The collapse II chamber is characterized by low
thickness of clay. This could be explained by the
deposit dynamics affecting this area and discharging
the clay volume further down under the cave level.
In detail, we observe several areas characterized by
a thin layer of clay (0 to 1 m thick), located west of
the chamber. They are probably attributed to clay
evacuation points. These evacuation areas are aligned
along the west wall and follow the orientation of a NESW fault, partly visible from the cave entrance (Fig.
11). The fallen blocks dipping to the west confirm
also the evacuation process in this area. The eastern
and northern sectors of the collapse II chamber are
characterized by a thick layer of clay (up to 3.5 metres)
at the exception of two areas already known from the
geomorphological analysis of the cave. These two
sectors are less affected by the clay evacuation. The
clay thickness and the flat surface floor level in the
northern sector of the chamber correspond to the clay
deposits level and thickness in the Junction gallery
(Fig. 12). Variations of clay deposit thickness in the
Junction chamber are related to different processes
from those revealed by clay variation analysis in the
collapse chamber. First, areas with thin clay deposits
are located in the center of Junction chamber. It
corresponds to a small accumulation of deposits on
buried blocks fallen before the clay deposited. The
clay thickness reaches 3 to 3.5 metres to the east and
west of the gallery. In the extreme western part of the
junction gallery, the thickness of clay varies rapidly
from a deep level (3.5 metres) surrounded by two
thinner clay areas (1 to 1.5 metres). The ceiling in this
sector shows no form related to collapse of blocks, but
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Fig. 10. The ERT profile in the Junction room (EW orientation) is obtained from a combined inversion of two acquisitions in the dipole-dipole
configuration. It reveals high resistivity blocks buried in the body of clay. These buried bodies correlate quite well with the thin clay deposit derived
from the HVSR technique. The short length of the ERT profile (25 m) limits the depth of penetration to 4 m. The lateral resolution is excellent
immediately below the surface and decreases with depth.

rather dissolution forms such as pockets. Therefore,
this depth variation of the clay deposit can be attributed
to the original shape of the buried conduit (Fig. 10). The
section of the conduit is narrow at its edges and deep
in the centre, describing a smooth V shape conduit.
Buried blocks, located 50 cm from the surface are
related maybe to previous collapse episodes.
HVSR and ERT methods allowed us to precise the
depth of clay sediments and redefine the Kanaan
Cave cross-section with more accurate clay depth
variations (Fig. 13).
Speleogenetic analysis showed that Kanaan
Cave developed in phreatic conditions with
clay accumulation processes in the first initial
cave development (Nehme et al., 2009b). Clay
accumulation reaches 4 m in height. However, HVSR
map and ERT transect showed several buried blocks
under 0.5 m of sediments. This new observation
can be interpreted as the result of two different
speleogenetic scenarios.

Fig. 11. Reconstruction of the collapse chamber section.

Fig. 12. Reconstruction of the Junction chamber section.

First scenario: Kanaan Cave developed in
phreatic conditions when the sediments filled in
the cave. Then Kanaan Cave developed in a vadose
phase when the watertable level begins to migrate
downstream the valley along with the incision of
the thalweg. Clay evacuation was then possible and
collapse processes took place. However a new phase
of deposition occurs on previous fallen blocks.
This could probably result from a reactivation of
water circulation in the cave due to the fluctuation
of the water table near the Kanaan Cave level.
The final and present stage of the cave evolution
history is related to the lowering of the watertable
level set at 33 m altitude (current level of Antelias
spring). Sediments evacuation and vadose collapse
processes are initiated. Small pits are observed
in the Collapse chamber (Fig. 6; stage III and IV;
scheme 6) as well as outside the cave entrance
(Nehme et al., 2009b). These observations explain
that the current variations in clay thickness are due
to evacuation processes.
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Fig. 13. Kanaan Cave profile, with an integration of clay depth values.

In this case, sediment emplacement in the cave is a
multistage process with two vadose collapse phases
separated by deposition processes.
Second scenario: the deposition process results
from a single event. Sediment emplacement occurs in
the first initial cave development in the phreatic zone
of the karst. The watertable level and the elevation of
Antelias thalweg were higher than Kanaan Cave level
(-100 m). The watertable lowering downstream the
valley along with the incision of the thalweg led to the
evacuation of sediments and vadose collapse. Fallen
blocks underneath clay sediments could be, in this case,
the result of liquefaction processes of wet clay deposits.
This process caused fallen blocks on resting on the clay
surface to penetrate slowly into the clay deposit.
Both scenarios for cave speleogenesis are to be
confirmed by conducting further analysis on sediments
and by extending geomorphological observations on
other similar caves in the Antelias region.

CONCLUSIONS
The Kanaan Cave has revealed a complex speleogenetic
history with stages of sediment emplacement and
evacuation related to the evolution of the karst watertable
level. New means of survey such as the passive
technique in caves, offers further information that help to
reconstruct different phases of cave speleogenesis. Using
a passive imagery technique, we could define the bottom
of the clay body and reveal the shape of the original
conduit of the cave, currently covered with up to 4 metres
of clay. Different withdrawal areas could be identified
from the variation of clay thicknesses. The HVSR is an
efficient technique to map clay thickness variations in
a cave environment and to identify the buried fallen
blocks not accessible to a geomorphological analysis
at the surface. The HVSR method is a non-disruptive
technique and therefore can be used on hilly topography
in archaeological sites and inside caves.
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Karst is defined with reference to the enhanced
solubility of certain rock types in natural waters, the
consequent importance of aqueous dissolution and
precipitation as dominant geomorphic drivers, and
the resultant characteristic landforms and hydrology
(Jennings, 1985; Gillieson, 1996; Ford & Williams,
2007; ). This is consistent with accepted practice for
classifying landforms according to morphogenetic
criteria, recognising that similar morphologies can
result from quite different geomorphic processes.
However the alternatives of either purely morphologybased or purely genesis-based approaches to landform
classification would not be satisfactory for elucidating
the history of landscapes, which is a fundamental aim
of geomorphology.
Despite
near-universal
acceptance
of
a
morphogenetic definition of karst, we note a tendency
to apply morphology-based criteria to accommodate
discussion of various non-karstic but karst-like
phenomena (Grimes, 1975; Vitek, 1987; Halliday,
2004, 2007; CRCCS, 2008). We refer to the problematic
term ‘pseudokarst’. Aspects of this term are discussed
in several papers and some criticisms have been made
previously. Otvos (1976) argued that morphology
alone was not an adequate basis for designating
‘pseudokarst’, and recommended that the term should
be applied only in the case of piping and ‘thermokarst’
forms. The latter term has been used with reference
both to cavities in glaciers and depressions due to
melting of ground ice in permafrost. Although not
always explicitly used as a class of ‘pseudokarst’ (e.g.
*Rolan.Eberhard@dpipwe.tas.gov.au

French, 2007), ‘thermokarst’ likewise has misleading
connotations of a karstic dimension to non-karstic
phenomena. Cigna (1973, 2008) stressed physicochemical criteria in differentiating between karstic and
karst-like terrains, recognising a spectrum of ‘karstic’
types (hyperkarst, karst, parakarst, hypokarst,
pseudokarst). The definitional basis of karst and
‘pseudokarst’ has also been raised in the context of
cavernous silicate terrain, informing suggestions
that karst itself requires a new definition (Martini,
2004). Simmert (2011) expressed reservations at
using ‘pseudo’ as a prefix for karst-like phenomena,
but did not propose an alternative. We contend that
these contributions do not resolve problems of a more
fundamental nature which we identify below.
Specifically, we argue that the term ‘pseudokarst’
is (a) poor classification practice in principle; (b) unnecessarily duplicates mainstream approaches to
landform classification; and (c) is a karst-centric
terminology for non-karstic phenomena. Each of
these objections is discussed below.
(a) Poor classification practice
We propose that scientifically-based classifications
should be and generally are underpinned by certain
basic principles, including that: (1) a demonstrable
need exists for the classification; (2) the scope of
features included has an objective basis; (3) categories
within the classification are mutually exclusive; and (4)
the constituent elements are differentiated and named
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according to what they are, not according to what they
are not. The class of ‘pseudokarst’ fails to comply with
each of these principles. There is no demonstrable
need for the term because the landforms concerned
are already logically classified using conventional
geomorphic terminology, which adequately covers
both their morphogenetic classification and their
morphological similarities to karst (see below).
The scope of ‘pseudokarst’ is arbitrary, lacking an
objective basis because it is generally concerned with
a narrow subjectively-defined range of karst-like
landforms, most commonly although not exclusively
caves and enclosed depressions, that ignores much of
the diversity of actual karstic landforms. Categories
proposed for classifying ‘pseudokarst’ tend not to be
mutually exclusive, due to an emphasis on similarities
in form between otherwise very different features as
a primary defining characteristic. This can lead to
confusion and awkward classification hierarchies
as noted further in (b) below. Finally, as a means
of classifying landforms ‘pseudokarst’ (literally ‘false
karst’) is not a valid form of differentiation and naming,
since it lacks meaning in itself without reference
to karst. That is to say, the notion of ‘pseudokarst’
classifies things according to what they are not, rather
than according to what they are. This problem was
recognised by Simmert (2011); it cannot be a logical
basis for the classification of natural phenomena.
(b) Unnecessarily duplication of mainstream geomorphic
classifications
Whereas ‘pseudokarst’ as an umbrella term
is typically defined primarily with reference to
morphology, ‘pseudokarst’ proponents classify subtypes according to a sometimes confusing mix of form,
process and fabric. Grimes (1975) adopted a processbased classification depending on whether eroded
material is transported in a solid, liquid or gaseous
state. Vitek (1987) proposed a classification based
on both morphology and scale. Halliday (2004, 2007)
recognised some mainly process-based categories,
such as ‘rheogenic pseudokarst’ (lava flow forms),
some mainly morphology-based categories, such as
‘crevice pseudokarst’ (fractured volcanic rocks, sea
caves, glacial crevasses) and some mainly fabric-based
categories, such as ‘talus pseudokarst’ (interstitial
cavities due to weathering or mass movement) and
‘compaction pseudokarst’ (landslide and avalanche
deposit forms). In some cases trivial parallels have
been invoked while ignoring fundamental differences
in scale, process and context. For example, Halliday
(2004) implied that the ‘water-filled cavern beneath
the Ross Ice Shelf’ (i.e. the underlying ocean) is a form
of ‘glacier pseudokarst’. No apparent consensus on
a unifying classification of ‘pseudokarst’ types has
emerged.
Consequently, literature on ‘pseudokarst’ often relies
strongly on conventional geomorphic terminology and
explanations, especially at the level of case studies
of specific landforms. This is an entirely logical
approach which we consider implicitly acknowledges
the confusion that arises from the exclusive use

of ‘pseudokarst’ terminology. Some recent papers
reference ‘pseudokarst’ only as a keyword (e.g.
Grimes, 2006; Smith, 2007). On the other hand, new
terms have been proposed for features which can be
described more simply using existing terminology. A
selection of such terms and conventional geomorphic
terms for the same features is listed at Table 1. This
illustrates our point that appropriate terminology and
classifications are already available for the relevant
phenomena, and we believe these should be used.
The fact that the term ‘pseudokarst’ is defined in key
earth science references (e.g. Neuendorf et al., 2005)
indicates a history of use but is not justification in
itself.
The complexities and confusions (above) that arise
when attempting to make non-karstic phenomena
fit into an arbitrarily-defined category such as
‘pseudokarst’ underscore our assertion that this
is poor classification practice which unnecessarily
duplicates existing classifications. This is reinforced
by Figures 1 to 3, which show morphologically karstlike landforms at two sites in Tasmania. Both sites
have been cited as examples of ‘pseudokarst’, yet
are more informatively described by conventional
terminology.
(c) ‘Pseudokarst’ is karst-centric terminology
The term ‘pseudokarst’ embodies an assumption
that karst is an appropriate benchmark for defining
many non-karstic phenomena. There is no objective
basis for this very karst-centric perspective, which has
been pursued under the auspices of the International
Union of Speleology Pseudokarst Commission,
although the term itself was reportedly first used
by the geologist von Knebel (1906) with reference to
lava features, apparently in an attempt to clarify that

Fig. 1. View out of a wave-excavated sea cave that developed
along joint fractures in Devonian-age granite at Deep Glen
Bay, southeastern Tasmania. This cave has formed by a nonkarstic marine erosion process, but it also has elements of
true (constructional) karst, namely stalactites and large tufa
sheets (one visible just outside the cave entrance) which have
precipitated out of carbonate-rich groundwater percolating from
overlying calcareous siltstone units. Thus, this site encapsulates
a coastal landform with both karstic (solutionally-derived
carbonate speleothems) and non-karstic but morphologically
karst-like (cavernous morphology) components. To designate it
as ‘pseudokarst’ would entail potential to confuse the respective
features and processes (photo by C. Sharples).
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Table 1. Conventional terminology for selected ‘pseudokarst’ types.
Geomorphic domain

‘Pseudokarst’ type

Geomorphic process

Conventional terms

Marine/coastal

Pseudokarst abrasional cave (Urban & OteskaBudzyn, 1998); littoral crevice pseudokarst
(Halliday, 2007).

Enlargement of fractures or susceptible beds,
primarily through mechanical erosion driven by
wave action.

Marine cave (Trenhaile, 1987); sea cave
(Woodroffe, 2002).

Volcanic

Syngenetic pseudokarst (Cigna 1973);
pseudokarst volcanic cave (Urban & OteskaBudzyn, 1998); rheogenic pseudokarst
(Halliday, 2007).

Primary voids in volcanic rocks; surficial cooling
of lava flows; secondary voids in lava following
decomposition of covered organisms.

Hollow hornito; hollow tumuli; lava cave; lava
mould cave; lava tube; pit crater (Field, 2002;
Neuendorf et al., 2005).

Glacial

Glacier pseudokarst (Halliday, 2007; Otvos, 1976).

Meltwater caves and streams within glaciers
and firn, including geothermal ablation caves on
volcanoes.

Glacier cave; meltwater stream; meltwater
tunnel; moulin; subglacial tunnel (Field, 2002;
Sugden & John, 1976).

Periglacial

Permafrost pseudokarst (Halliday 2007);
thermokarst (French, 2007).

Melting of ground ice.

Collapsed frost blister; collapsed pingo; ice
wedge trough; thaw depression; thaw lake
(French, 2007).

Aeolian

Deflation pseudokarst (Davies & LeGrand, 1972
cited by Otvos, 1976).

Translocation of unconsolidated sand or clay by
wind action.

Deflation basin; deflation hollow; deflation lake
(Neuendorf et al., 2005).

Mass movement

Pseudokarst sinkhole (Vitek, 1987).

Subsidence of regolith materials into cavities
formed by mass movement or mechanical removal
of interstitial sediment.

Sink hole (as simple descriptive term) (Field,
2002; Twidale, 1987); slump basin (Neuendorf
et al., 2005); enclosed depression.

Pseudokarst crevice cave (Urban & OteskaBudzyn, 1998; Vitek, 1987); pseudokarst crack
(Galdenzi, 2011).

Toppling, sliding or rotation of rock or regolith along
planes of weakness; dilation along fractures by
erosional unloading or incision.

Dilation cave; dilation fracture; fissure cave;
tectonic cave (Field, 2002).

Pseudokarst talus-type cave (‘pseudocaves’)
(Vitek, 1987); pseudokarst boulder (talus) type
cave (Urban & Oteska-Budzyn, 1998); talus
pseudokarst (Halliday, 2007).

Rockfall or fracturing of rock masses yielding
accumulations of coarse clastic deposits with
interstitial cavities.

Boulder cave; talus cave (Neuendorf et al.,
2005).

Soil piping

Piping pseudokarst (De Waele et al., 2008; Sanna
et al., 2011; Otvos, 1976);
Badlands and piping pseudokarst (Halliday, 2007).

Progressive removal of dispersive clays and clastic
particles within weakly consolidated sediment by
shallow ground water movement.

Soil pipe; soil piping
(Jones, 1987).

Weathering

Pseudokarst cave niche, bedding-type cave and
fissure-type cave; pseudokarst rock perforations,
lapies and karren (Vitek, 1987); pseudokarst
fissure cave and bedding cave (Urban & OteskaBudzyn, 1998).

Wide variety of landforms due to differential
weathering by combined solutional and mechanical
processes (Young & Young, 1992, pp. 69-77),
typically in granitic rocks, quartzite and sandstone.

Cave; karren; lapies; natural arch; natural
bridge; pinnacle; rock tower; rock pillar;
ruiniform landforms; tafoni; tafoni cave
(Twidale, 1982; Young & Young, 1992).
Note: some examples of these landforms
arguably constitute karst sensu stricto in that
solutional processes are dominant (Jennings,
1983; Wray, 1997).

Pseudokarst speleothem
(Pavuza, 2011).

Solutional translocation of minerals by
groundwater, deposited as concretions in caves.

Speleothem; stalactite; stalagmite (Hill & Forti,
1997).
Note: standard karst terminology applicable
where precipitates derive primarily from
solution of bedrock.

Consequent pseudokarst
(Halliday, 2007); surface pseudokarst mesoforms
(Galdenzi, 2011)

Human excavation (e.g. quarries, fire pits) and
indirect effects of this (e.g. collapse or subsidence
into underground mines).

Mine; mine-induced subsidence; pit; quarry.

Anthropogenic

certain features were not actual karst (Halliday, 2004;
Simmert, 2011). We note that to varying degrees
virtually all landforms including karstic ones have
morphological analogues developed under different
process regimes. Therefore, it serves no purpose
to blur the distinction between features with very
different process histories by focussing on superficial
similarities of form, as in the example of ‘pseudokarst’.

The same principle applied more widely would imply
scope for unlimited classes of ‘pseudo’ features. For
example vulcanologists could describe karst caves as
‘pseudo-lava tubes’ which would clearly be an absurd
outcome yet is based on an equivalent logic to that
which underpins the notion of ‘pseudokarst’.
In summary, ‘pseudokarst’ is not an appropriate
umbrella term for describing morphologically karstlike phenomena; nor does it provide an appropriate
framework for classifying the relevant phenomena,
as these are more usefully covered by established
geomorphic classifications and terminology. The term
‘pseudokarst’ makes little sense from any geomorphic
perspective other than a very karst-centric one, and
as such does not complement or extend more broadly
Fig. 2. Contour map of Badger Creek enclosed depression,
southwest Tasmania. The depression occupies an area of nine
hectares and has no surface outlet, engulfing several streams.
Located within an area of predominantly siliceous Late Precambrian
to Ordovician rocks, the presence of karstified limestone beneath
Quaternary sediments which cover the floor of the depression
(elevation 300 m asl) cannot be excluded on present geological
evidence. Irrespective of this possibility, the depression does not
appear to have become fully enclosed until mechanical slope failure
blocked a narrow canyon that formerly cut through the strike ridge on
its western side (see Figure 3). The site illustrates morphologically
karst-like attributes and may even be partially karstic, reinforcing the
importance of avoiding ambiguous terminology such as ‘pseudokarst’
in characterising the landforms.
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Cigna A.A., 2008 - The family of karst phenomena: some physicalchemical parameters of some rocks concerned outside the
classical karst. Proceedings of the 10th International Symposium
on Pseudokarst, 29 April – 2 May 2008, Gorizia, Italy, Centro
Ricerche Carsiche ‘Carlo Seppenhofer’, p. 101-112.
CRCCS, 2008 - Proceedings of the 10th International
Symposium on Pseudokarst. 29 April – 2 May 2008, Gorizia,
Italy, Centro Ricerche Carsiche ‘Carlo Seppenhofer’, 175 p.
Davies W.E. & LeGrand H.E., 1972 - Karst of the United
States. In: Herak M. & Springfield V.T. (Eds.), Karst.
New York: Elsevier: 467-506.
De Waele J., Sanna L. & Rossi A., 2008 - Pseudokarstic
cavities in pyroclastic rocks: some examples from
North Sardinia. Proceedings of the 10th International
Symposium on Pseudokarst, 29 April-2 May 2008,
Gorizia, Italy, Centro Ricerche Carsiche ‘Carlo
Fig. 3. Aerial view of the former surface outlet of the Badger Creek
Seppenhofer’, p. 53-62.
enclosed depression, as shown in Figure 2. The strike ridge in
Field M.S., 2002 - A Lexicon of Cave and Karst Terminology
the foreground is formed in coarse siliceous conglomerate and
with Special Reference to Environmental Karst
defines the western margin of the depression. The ridge was
Hydrology. United States Environmental Protection
originally truncated by a gorge, but subsequent infilling by blocky
Agency, Washington, 214 p.
debris has reduced the surface expression of this to a shallow
French H.M., 2007 - The Periglacial Environment. 3rd ed.,
saddle. Streams coalescing on the forested floor of the depression
John Wiley & Sons Ltd., Chichester, UK, 478 p.
disappear underground into a boulder cave at the base of a 40 m
Ford D.C. & Williams P.W., 2007 - Karst Geomorphology
high cliff in the centre of the photo. The underground course of the
and Hydrology. 2nd ed., John Wiley & Sons Ltd.,
stream cannot be followed for any great distance, but presumably
Chichester, UK, 576 p.
approximates the alignment of the watercourse prior to collapse of
Galdenzi S., 2011 - Pseudo karst landforms in the Adriatic
the canyon (photo by R. Eberhard).
side of north-east Apennine (Italy). Proceedings of the
11th International Symposium on Pseudokarst, 12-16
accepted classifications and terminology, as used
May 2010, Saupsdorf, Germany, published by Höhlenund Karstforschung, Dresden, p. 56-71.
amongst the wider community of geomorphologists.
Gillieson
D., 1996 - Caves: Processes, Development and
Indeed, the use of the term ‘pseudokarst’ has arguably
Management.
Blackwell Publishers Inc., Oxford, 324 p.
contributed to a lack of clarity regarding the scope
Grimes
K.G.,
1975
- Pseudokarst: definition and types.
of (true) karst studies, as manifest in the debate
Proceedings of the 10th Biennial Conference, Australian
regarding whether solutional landforms in silicate
Speleological Federation, Brisbane.
rocks are karst or ‘pseudokarst’ (Wray, 1997; Martini,
Grimes K.G., 2006 - A small cave in a basalt dyke, Mt.
2004; Aubrecht et al., 2011; Sauro et al., 2012). It
Fyans, Victoria, Australia. Helictite, 39 (1): 17-20.
seems possible that the perceived importance in some
Halliday W.R., 2004 - Pseudokarst. In: Gunn J. (Ed.),
quarters of maintaining a distinction between karst
Encyclopedia of Caves and Karst Science. New York
and London: Fitzroy Dearborn: 604-608.
and ‘pseudokarst’ has delayed broader acceptance
Halliday
W.R., 2007 - Pseudokarst in the 21st century.
of solutional landforms in silicates as a valid form of
Journal of Cave and Karst Studies, 69: 103-113.
karst.
Hill C. & Forti P., 1997 - Cave Minerals of the World. 2nd ed.,
In rejecting the term ‘pseudokarst’ we do not dismiss
National Speleological Society Inc., Huntsville, U.S.A., 463 p.
the importance of scientifically documenting the wide
Jennings J.N., 1983 - Sandstone karst or pseudo-karst?
range of landforms with karst-like attributes, or the
In: Young R.W. & Nanson G.N. (Eds.), Aspects of
validity of adopting a thematic morphological approach
Australian Sandstone Landscapes. Australia & New
to this, provided it is done using language that does
Zealand Geomorphology Group, Wollongong, p. 21-30.
Jennings J.N., 1985 - Karst Geomorphology. Basil
not obscure fundamental geomorphic differences.
Blackwell, Oxford, 293 p.
Thus for example the use of the morphological themes
Jones
J.A.A., 1987 - The effects of soil piping on
of ‘caves’ or ‘enclosed depressions’ developed through
contributing areas and erosion patterns. Earth Surface
a variety of processes including karst achieves the
Processes and Landforms, 12: 229-248.
same purpose as that of ‘pseudokarst’, and does so
http://dx.doi.org/10.1002/esp.3290120303
using broadly accepted terminology that complies
Martini J., 2004 - Silicate karst. In: Gunn J. (Ed.),
with good classification practice. We contend that
Encyclopedia of Caves and Karst Science. New York
relevant studies will extend their scope and impact by
and London: Fitzroy Dearborn: 649-653.
Neuendorf K.E., Mehl J.P. & Jackson J.A. (Eds.), 2005
adopting this approach.
- Glossary of Geology. 5th ed., American Geological
Institute, Alexandria, Virginia, 779 p.
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Abstract:

Airflow dynamics were studied in Císařská Cave (Moravian Karst, Czech Republic) under
different seasonal conditions. The dependence of airflows on the difference between external
and cave temperatures is nonlinear and roughly obeys the Darcy-Weisbach equation. The
upward airflows were found to be systematically higher than the downward airflows under
comparable driving forces. The principle reason is nonlinearity between air temperature and
air density. U-shaped cave geometry magnifies this effect by feedback between external
temperature and airflow driving forces. Whereas this feedback is positive during the upward
airflow ventilation mode, it is negative during the downward airflow mode. To discuss the
behavior in detail, a simplified model based on balancing the masses of two equivalent air
columns of different temperatures and densities is proposed. The results contribute to a better
understanding of cave microclimate evolution, cave CO2 dynamics, and speleothem growth.
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INTRODUCTION
Cave air circulation is an important phenomenon
that controls (1) cave microclimatology (Wigley &
Brown, 1971; de Freitas & Littlejohn, 1987) and
(2) speleothem growth via the impact of cave PCO2
(Banner et al., 2007; Baldini et al., 2008). In principle,
cave airflows can be produced (1) dynamically,
by moving fluids (Cigna, 1968), or (2) statically,
by pressure differences derived from different air
densities (Bögli, 1978; de Freitas et al., 1982). We
have focused on the second mechanism because this
one operates in the cave of interest. Generally, cave
air circulation shows strong seasonality. Based on
geometry, static caves with one entrance and dynamic
caves with two and more entrances at different levels
can be distinguished (Geiger, 1966). In contrast to
static caves, dynamic caves ventilate throughout the
entire year. In principle, cave airflows are controlled
by external temperatures. If Texterior < Tcave, upward
airflows occur in the cave (external air enters the cave
at the lower entrance and flows out from the cave at
the upper entrance). This regime is called upward
airflow ventilation mode (UAF mode). If Texterior > Tcave,
cave airflows move the opposite way. In this case, we
talk about downward airflow ventilation mode (DAF
mode) (see Faimon et al., 2012 for detail).
*faimon@sci.muni.cz

A theoretical background on cave air circulation was
given by Cigna (1968). Fundamentals of airflow impact
on cave microclimate were developed by Wigley (1967)
and Wigley & Brown (1971, 1976). Previous works
were focused on (1) both direct and indirect airflow
monitoring (e.g., de Freitas & Littlejohn, 1982; Dueñas
et al., 1999; Pflitsch & Piasecki, 2003; FernándezCortés et al., 2009) and (2) impact of air circulation on
(i) cave microclimate (Luetscher et al., 2008; Russell
& MacLean, 2008), (ii) cave CO2 (Kowalczk & Froelich,
2010), or (iii) speleothem growth (Boch et al., 2011).
Some attempts appeared to derive a complete model
of cave air circulation (Christoforou et al., 1996;
Jernigan & Swift, 2001). Recently, a complex study on
the ventilation and microclimatology in the Císařská
Cave was presented by Faimon et al. (2012).
It is well known that winter airflows exceed summer
airflows in some cavities. This phenomenon was
documented by many studies on (a) airflows (Faimon
et al., 2012), (b) radon activity (Tanahara et al., 1997;
Dueñas et al., 2005, 2011; Gregorič et al., 2011), (c)
CO2 concentrations (Bourges et al., 2001; Spötl et
al., 2005), and (d) both the components (Kowalczk &
Froelich, 2010; Perrier & Richon, 2010). We discuss
this phenomenon based on (1) new data sets from the
Císařská Cave (Moravian Karst) and (2) a simplified
conceptual model. We follow the approach of Cigna
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(1968) that consists of balancing two equivalent air
columns and calculating the driving forces for airflows
under different external conditions. The goal of this
study is to contribute to the better understanding of
airflow behavior in dynamic caves.

METHODS
Site of study
Císařská Cave is formed in the Devonian limestones
of the Macocha Formation in the northern part of
the Moravian Karst, Czech Republic (Absolon 1970;
Faimon et al., 2006, 2012). The position and vertical
profile of the cave is given in Fig. 1. Two entrances at
the altitudes of 460.7 m (lower entrance) and 470.7
m (upper entrance) ensure dynamic behavior of air
circulation. Both entrances are equipped with steel
doors, in which there are windows of 20×20 cm in size
(total area of 0.04 m2). The length of the cave is about
250 m. The total volume of the cave is estimated to
~11,500 m3. The rock overburden ranges from 15 to
35 m. The external annual air temperature is about ~
10°C; total annual precipitation is about ~ 650 mm.
Presently, the Children Sanatorium with Speleotherapy
(Ostrov u Macochy) practices speleotherapy in the
cave. About 50 visitors stay in the cave for ~ 20 hours
weekly.
Monitoring
All data were collected during the six monitoring
campaigns between November 2010 and October
2012, in order to cover the range of the seasonal
conditions. The monitoring ran during a 5-day period
between individual speleotherapeutic courses. Airflow
was logged with 10-second time steps at one point
in the center of the window in the lower entrance
cave door. The temperatures for ∆T calculations were
logged at (i) the surface, about 50 m before the lower
entrance, and (ii) in the cave, approximately in the
middle of the cave length.
For a mapping of the vertical temperature
distribution, temperature was measured (a) along
the whole cave and (b) at the outside between the
lower and upper cave entrances. Simultaneously,
barometric pressure was measured with temperature

Fig. 1. The position and vertical profile of the Císařská Cave (based
on Absolon, 1970).

to estimate the altitude of the given site. Airflows were
detected by the FVA935 TH4 thermo-anemometersensor (measuring range from 0.05 to 2 m s-1 with a
precision of ±0.04 m s-1) connected with the ALMENO
2290-4 V5 (Germany) Ahlborn datalogger. The linear
velocity (in m s-1 unit) was consecutively recalculated
into volume velocity (in m3 s-1), based on the window
cross-section area of ~0.04 m2. The temperatures for
the ∆T calculation were measured by COMET S3120
dataloggers (measuring range from -30 to +70°C
with a precision of ± 0.4°C). Vertical temperature
distribution was measured by the Ahlborn FH
A646-E1 thermo-sensor (-20 to 0°C, ± 0.4°C; 0 to
70°C, ± 0.1°C). Barometric pressure was measured by
the Ahlborn FDA612SA sensor (700 to 1050 mbar, ±
0.5%). Both sensors were linked with the universal
ALMENO 2290-4 V5 Ahlborn datalogger.
Statistical
analysis
was
conducted
using
the
Statistica
10,
StatSoft
Inc.
program.
(http://www.statsoft.com).

RESULTS AND DATA ANALYSIS
Data
The cave airflow data were gathered for external
temperatures ranging between -8.1 and 30.5 °C.
Airflow is plotted against the temperature difference,
∆T = Texternal-Tcave (Fig. 2), assumed generally as the
airflow driving force (e.g., Christoforou et al., 1996;
Luetscher et al., 2008; Fernández-Cortés et al., 2009;
Kowalczk & Froelich, 2010; Boch et al., 2011). Note
that the positive airflows correspond to the direction
into the cave (inflowing air) and the negative ones to
the direction from the cave (outflowing air) (Jernigan
& Swift, 2001). Since the airflow data were gathered
at the lower entrance, the positive values correspond
to upward airflows (UAF ventilation mode) and the
negative values correspond to downward airflows
(DAF ventilation mode). At highly negative ∆T (cold

Fig. 2. The airflows measured at the lower entrance of Císařská Cave
under different ventilation modes (UAF mode, T-mode, DAF mode;
see text for details). The positive airflows enter the cave, the negative
airflows exit of the cave.
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seasons), the airflows achieved mean values of about
0.055 m3 s-1. The peak values reached up to 0.08
m3 s-1. At the ∆T between -2 and 7°C, the airflows
quickly changed their directions (transition mode).
At ∆T > 7°C, the airflows increased nonlinearly up to
-0.04 m3 s-1 (the peak values are -0.06 m3 s-1). At all
the modes, the airflows were unstable and oscillated
with amplitudes up to 0.04 m3 s-1 and frequency from
0.3 to 40 mHz (periods from 55 to 0.4 minutes) (Fig.
2). Enormous airflow instability and oscillations of
highest amplitude are visible at transition mode at
small driving forces (∆T). At higher driving forces,
airflows seem to be rather stabilized.
Data on the vertical distribution of temperature in
both the exterior and the cave are reported in Table
1. They are listed relative to vertical levels: the lower
entrance is at zero level, the upper entrance is at a
level of 10 m, and the cave’s lowest point (CLP) is at
a level of -11 m. Under different seasonal conditions,
the mean cave temperatures ranged between 7.8
and 13.0 °C (see the columns #1 to #6 of Table 1).
Moreover, cave temperature distribution varies
according to airflow directions (ventilation modes).
The highest temperature variations appear near the
entrance, through which external air flows into cave.
For purpose of a better analysis of airflow behavior,
some “extreme artificial data” were proposed: (i) data
with uniform temperatures through the individual
external and cave environments (the columns #7–
8) and (ii) data with temperature gradients in the
heterothermic zone associated with airflow input (the
columns #9–10 in Table 1).
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Fig. 3. Regression analysis of the airflows monitored under different
ventilation modes.

Regression analysis
As known from fluid dynamics, the DarcyWeisbach equation relates the square of flow
velocity to the head loss or pressure loss. Based on
this equation, it was deduced that airflows should
be a function of the square root of temperature
difference, ∆T (Luetscher & Jeannin, 2004). Therefore,
airflow data were regressed by the function,
AF = b ΔT
						(1)

where AF is volume airflow (m3 s-1), |∆T| = |TexternalTcave| (°C), and b is a constant representing slope
of the dependence (for a physical meaning, see the
Darcy-Weisbach equation). The values of b vary
between 1.39 x 10-2 in the UAF mode and -8.62 x 10-3
in the DAF mode. Data fitted by the regression lines
are in Fig. 3. Parameter estimates with the analysis
of variance (ANOVA) are given in Table 2. As follows
from the analysis, the dependence is rather weak
(correlation coefficient r = 0.60 for UAF mode, and r
= 0.74 for DAF mode) but statistically significant (p <
0.001 at the level of confidence  = 0.05).
Conceptual Model
The model of the U-shaped cave consists of two
equivalent air columns, (1) the inner column (IC) and
(2) the combined column (CC) (Fig. 4a, b). The IC is
situated in the cave between its upper entrance and
its lowest point (CLP) given by the water table. The CC

Fig. 4. Conceptual model of a U-shaped cave (a) and equivalent
air columns (b). IC is the internal cave column. CC is the combined
column consisting of the external air column (EC) and the short
cave air column (SC). CLP is the cave lowest point. PIC and PCC are
pressures derived from the individual column weights.

comprises of (1) the external air column (EC) located
in the exterior between the upper and lower entrances,
and (2) the short cave air column (SC) located in the
cave between the lower entrance and CLP. Both the IC
and CC are 21 m high, which is the vertical distance
from the upper entrance level to the CLP. The crosssection area of the individual column is 1 m2. The
airflow driving forces, i.e., pressure differences, result
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Table 1. Real and artificial data on the vertical distribution of cave/external temperatures.
RVL
--- column ---

-------------------------- real temperature data, T [°C] -------------------------

artificial temperature data,

T [°C]

site

h [m]

1

2

3

4

5

6

7

8

9

10

CC

EC

exterior UE

9 to 10

-3.2

0.2

10.1

17.9

20.7

29.8

30.0

-10.0

30.0

-10.0

CC

EC

exterior

8 to 9

-3.6

0.1

10.0

17.9

20.6

29.5

30.0

-10.0

30.0

-10.0

CC

EC

exterior

7 to 8

-3.8

0.0

9.9

18.0

20.4

29.3

30.0

-10.0

30.0

-10.0

CC

EC

exterior

6 to 7

-4.0

-0.2

9.8

18.0

20.3

29.2

30.0

-10.0

30.0

-10.0

CC

EC

exterior

5 to 6

-4.1

-0.4

9.8

17.9

20.0

28.8

30.0

-10.0

30.0

-10.0

CC

EC

exterior

4 to 5

-4.2

-0.5

9.7

17.9

19.9

28.5

30.0

-10.0

30.0

-10.0

CC

EC

exterior

3 to 4

-4.5

-0.7

9.5

17.6

19.8

28.4

30.0

-10.0

30.0

-10.0

CC

EC

exterior

2 to 3

-4.5

-1.0

9.5

17.4

19.4

28.0

30.0

-10.0

30.0

-10.0

CC

EC

exterior

1 to 2

-4.6

-1.4

9.5

17.1

19.2

27.8

30.0

-10.0

30.0

-10.0

CC

EC

exterior LE

0 to 1

-4.6

-1.9

9.4

16.8

19.1

27.4

30.0

-10.0

30.0

-10.0

CC

SC

cave LE

0 to -1

-1.8

-0.4

9.6

14.2

11.4

19.9

10.0

10.0

10.0

-1.8

CC

SC

cave

-1 to -2

0.6

1.2

9.7

14.0

9.5

15.4

10.0

10.0

10.0

0.6

CC

SC

cave

-2 to -3

2.6

2.9

9.7

13.9

9.2

13.1

10.0

10.0

10.0

2.6

CC

SC

cave

-3 to -4

4.2

4.8

9.4

13.9

9.1

12.3

10.0

10.0

10.0

4.2

CC

SC

cave

-4 to -5

5.4

6.8

9.3

13.8

9.0

12.3

10.0

10.0

10.0

5.4

CC

SC

cave

-5 to -6

6.3

7.1

9.1

13.9

8.8

12.4

10.0

10.0

10.0

6.3

CC

SC

cave

-6 to -7

6.9

7.2

9.1

13.9

8.7

11.9

10.0

10.0

10.0

6.9

CC

SC

cave

-7 to -8

7.3

7.2

9.0

13.5

8.5

11.7

10.0

10.0

10.0

7.3

CC

SC

cave

-8 to -9

7.4

7.3

8.8

12.6

8.2

11.4

10.0

10.0

10.0

7.6

CC

SC

cave

-9 to-10

7.4

7.3

8.7

12.6

8.5

11.2

10.0

10.0

10.0

7.8

CC

SC

cave LP

-10 to -11

7.4

7.3

8.4

12.6

8.8

10.9

10.0

10.0

10.0

8.0

IC

cave LP

-11 to -10

9.3

9.1

8.2

10.9

8.7

9.7

10.0

10.0

10

10.0

IC

cave

-10 to -9

9.4

9.2

8.2

11.0

8.8

10.2

10.0

10.0

10.2

10.0

IC

cave

-9 to -8

9.5

9.2

8.3

11.1

9.0

10.7

10.0

10.0

10.7

10.0

IC

cave

-8 to -7

9.6

9.2

8.4

11.2

9.3

11.1

10.0

10.0

11.1

10.0

IC

cave

-7 to -6

9.7

9.3

8.5

12.0

9.4

11.5

10.0

10.0

11.5

10.0

IC

cave

-6 to -5

9.7

9.3

8.5

12.2

10.3

11.9

10.0

10.0

11.9

10.0

IC

cave

-5 to -4

9.7

9.3

8.6

12.3

11.7

12.3

10.0

10.0

12.3

10.0

IC

cave

-4 to -3

9.7

9.3

8.7

12.4

11.7

12.6

10.0

10.0

12.6

10.0

IC

cave

-3 to -2

9.7

9.3

8.9

12.3

11.7

12.9

10.0

10.0

12.9

10.0

IC

cave

-2 to -1

9.7

9.3

9.1

12.2

11.7

13.2

10.0

10.0

13.2

10.0

IC

cave

-1 to 0

9.6

9.3

9.3

12.5

11.9

13.4

10.0

10.0

13.4

10.0

IC

cave

0 to 1

9.6

9.3

9.5

12.6

12.3

13.7

10.0

10.0

13.7

10.0

IC

cave

1 to 2

9.5

9.2

9.6

12.7

12.4

13.9

10.0

10.0

13.9

10.0

IC

cave

2 to 3

9.4

9.2

9.7

12.7

12.4

14.0

10.0

10.0

14.0

10.0

IC

cave

3 to 4

9.2

9.1

9.9

12.8

12.3

14.2

10.0

10.0

14.2

10.0

IC

cave

4 to 5

9.1

9.0

10.1

12.8

12.4

14.3

10.0

10.0

14.3

10.0

IC

cave

5 to 6

8.9

9.0

10.5

12.8

10.1

14.4

10.0

10.0

14.4

10.0

IC

cave

6 to 7

8.8

8.9

10.8

12.8

10.7

14.5

10.0

10.0

14.5

10.0

IC

cave

7 to 8

8.6

8.8

11.4

13.0

11.2

14.5

10.0

10.0

14.5

10.0

IC

cave

8 to 9

8.3

8.7

12.2

13.4

11.9

14.5

10.0

10.0

14.5

10.0

IC

cave UE

9 to 10

8.0

8.5

13.5

13.6

12.6

14.6

10.0

10.0

14.6

10.0

mean cave, T [°C]

7.8

7.8

9.5

12.8

10.4

12.9

10.0

10.0

11.9

8.3

∆T [°C]

11.9

8.4

-0.3

-4.9

-9.6

-15.7

-20.0

20.0

-18.1

18.3

8.25

6.21

0.16

-2.76

-2.73

-6.29

-8.06

9.29

-5.41

11.73

8.25
UAF

6.21
UAF

0.16
UAF

2.76
DAF

2.73
DAF

6.29
DAF

8.06
DAF

9.29
UAF

5.41
DAF

11.73
UAF

∆P [N/m2]
|∆P| [N/m2]
ventilation mode

RVL- relative vertical level; LP - lowest point; UE - upper entrance; LE - lower entrance, CC - combined column, EC- external column;
SC - short cave column; UAF- upward airflow; DAF - downward airflow
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Table 2. Data regression analysis: the parameter estimates and
analysis of variance (ANOVA).
Parameter estimates
b

SE

DF

t-value

p-value

UAF mode

0.0139

0.00012

1162

116.9

0.00

DAF mode

-0.0086

0.00013

955

-65.6

0.00

UAF mode

SS

DF

MS

F-value

p-value

Regression

2.15

1

2.1514

13659.9

0.00

Residual

0.18

1162

0.0002

Total

2.33

1163

Corrected Total

0.29

1162

Regression vs. Corrected
Total

2.15

1

2.1514

8666.5

0.00

DAF mode

SS

DF

MS

F-value

p-value

Regression

0.76

1

0.7590

4305.2

0.00

Residual

0.17

955

0.0002

Total

0.93

956

Corrected Total

0.37

955

Regression vs. Corrected
Total

0.76

1

ANOVA

0.7590
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More advanced analysis of the “artificial”
temperature data (Table 1, the column #7 and 8)
showed the mutually distinct pressure differences
between IC and CC columns at different modes, ∆P =
-8.06 Pa (DAF mode) and 9.29 Pa (UAF mode), despite
the same temperature difference, |∆T| = 20°C.
The difference is achieved at uniform temperature
distributions, separately in IC, SC, and EC. The
pressure differences are invariant to SC length – the
only crucial point is the difference between the levels
of both cave entrances. If the cave air temperature
near the entrances is affected by external air (see
the “artificial” data in Table 1, column #9 and 10),
the pressure difference is magnified to ∆P = -5.41
Pa (DAF mode) and 11.73 Pa (UAF mode) despite the
similar temperature differences, ∆T ~ -18.1°C (DAF
mode) and 18.3°C (UAF mode).

DISCUSSION

1952.0

0.00

SE- standard error, DF - degree of freedom, SS - Sum of Squares,
MS - Mean Squares

from the differences in weights of the individual IC and
CC. Note that the weights are balanced at the lowest
point of the cave, not at the cave’s lower entrance.
To simplify pressure calculation, both the columns
have been segmented into cells of 1 m3 volume, each
one of unique temperature and density (Fig. 4b). The
resulting pressure difference, ∆P [Pa], was calculated as

∆P = PCC − PIC
						(2)
where PCC and PIC are the pressures [Pa] derived from
CC and IC weights [kg], respectively.
Air density is generally a function of temperature
and concentrations of gasses, e.g., CO2 or/and
water vapor. In this study, we only focused on
temperature as the most important variable. Details
on the impact of other variables on air density can
be found in Kowalski & Sánchez-Cañete (2010)
or Sánchez-Cañete et al. (2013). Air density
was calculated from the equation for ideal gas,
P
R
						(3)
air T
ρ=

where ρ is air density (kg m-3), P is barometric pressure
(P = 101,325 Pa), Rair is the specific gas constant for air
(Rair = 287.058 J kg-1 K-1), and T is temperature (K).
The results of modeling based on real data (Table
1, column #1 up to #6) are consistent with actual
ventilation modes observed. Data in columns #1 up
to #3 confirmed predominance of CC mass (resulting
in ∆P ~ 8.25, 6.21, and 0.16 Pa), which results in
upward airflows (UAF mode). Data in columns #4 up
to #6 show predominance of IC weight (resulting in
∆P ~ -2.76, -2.73, and -6.29 Pa) leading to downward
airflows (DAF mode).

The peak airflow values up to 0.08 m3 s-1 found
in the Císařská Cave are consistent with the values
reported by Buecher (1999) for Kartchner Caverns
(Arizona) or with those measured by Faimon et al.
(2012) in the Císařská Cave earlier. Anyway, these
values belong to very weak airflows in comparison
with the fluxes of 2 m3 s-1 presented by Christoforou
et al. (1996), 0.7-3.6 m3 s-1 given by Dueñas et al.
(1999), or 3 m3 s-1 reported by Luetscher & Jeannin
(2004). Besides, these airflows are absolutely
incomparable with the extreme airflows of 10-40 m3
s-1 (Corchia and Piaggia Bella, Italy) or even 100-200
m3 s-1 (Hwanseon Cave, Korea) mentioned by Badino
(2010). The modeling of driving forces showed
that the reason of such weak airflows is the small
difference between the levels of both cave entrances.
The frequencies of airflow oscillations from 0.3 to 40
mHz are roughly in the range reported by Plummer
(1969). Further details on cave airflow oscillations
can be found in Faust (1947), Cigna (1968), or
Faimon et al. (2012).
The regression analysis confirmed the dependence
of airflows on the square root of the temperature
difference and, thus, the appropriateness of the
Darcy-Weisbach equation. The found dependence is
relatively weak (r = 0.60, UAF mode; r = 0.74, DAF
mode). This is due to airflow instability and oscillations
rather than temperature fluctuations. The difference
in the b-parameter values, |b| = 1.39x10-2 for UAF
mode and |b| = 8.62x10-3 for DAF mode, indicates
inconsistency of airflow at distinct ventilation modes
despite the same driving forces. The linear model AF
= f(∆T) for the Císařská Cave lower entrance proposed
by Faimon et al. (2012) gave the uniform slope dAF/
d∆T = 3.83x10-3 m3 s-1 deg-1 for both ventilation modes.
The presented extensive data set allows one to specify
the dependence more exactly, separately for both
individual modes. For comparing both the previous
and presented models, we may differentiate eqn. (1):
dAF
b
=
d∆T 2 ∆T
						(4)
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Fig. 5. Nonlinearity in the dependence of air density on temperature.

Inserting into equation (4) for the b-parameter
and for |∆T| in the range from 1 to 15 °C gives the
gradient dAF/d∆T ranging from 1.39 x 10-2 to 9.27 x
10-4 m3 s-1 deg-1 for the UAF mode and from 8.62 x
10-3 to 5.75 x 10-4 m3 s-1 deg-1 for the DAF mode. As
observed, the range of the values covers the value
given by the previous model. The model shows
that the airflows in different ventilation modes are
inconsistent with each other despite the same ∆T.
In other words, a U-shaped cave ventilates more
intensively at the UAF mode (in cold seasons) in
comparison with the DAF mode (in warm seasons).
It is consistent with our empirical knowledge (de
Freitas et al., 1982; Buecher, 1999; Dueñas et
al., 1999; Spötl et al., 2005; Banner et al., 2007;
Badino, 2010; Kowalczk & Froelich, 2010).
Balancing of masses of IC and OC showed that
pressures at the UAF mode exceeded the pressures
at DAF mode at the same value of ∆T. In principle,
this is due to nonlinearity of density dependence vs.
temperature, as shown in Equation (3): the same shift
in temperature causes a lesser shift in density at
higher temperature (Fig. 5). For example, let couples
of temperature in the cave and external air be (a) Tcave
= 10 °C, Texterior = 30 °C and (b) Tcave = 10 °C, Texterior =
-10 °C. In spite of the same temperature difference
|Texterior-Tcave| = 20 °C, the differences between air
densities are distinct, ∆ρ = 0.082 kg m-3 and ∆ρ =
0.095 kg m-3 in cases (a) and (b), respectively.
Actually, temperatures of the cave air near the
entrances are influenced by external temperature,
which lead to formation of a heterothermic zones (see,
Wigley & Brown, 1971; de Freitas & Littlejohn, 1987;
Luetscher et al., 2008). This effect predominates near
the entrance, through which the external air enters a
cave (see Table 1). The weaker effect at the opposite
side of the cave (near the entrance, through which
the air leaves the cave) was neglected at modeling for
a better visualization. An impact of exiting cave air
on EC weight was neglected as almost insignificant.
Then, the airflow behavior is as follows.

During UAF mode, external cold air entering the
cave by the lower entrance cools the air of SC and
increases the weight of already heavier CC at this
moment. This process creates positive feedback
between external temperature and the driving force,
which amplifies the differences between CC and IC
weights. In this way, the airflow driving forces and,
consecutively, cave airflows increase.
During DAF mode, a totally opposite effect operates
at the upper entrance: warm and light external air
penetrating the cave from the upper entrance lightens
the heavier IC at this moment. It creates negative
feedback between the external T and the driving forces,
which decreases the weight differences between IC
and CC and decreases cave airflows. Therefore, both
processes participate in increasing the differences
between the UAF and DAF airflows.
A tentative analysis of the airflow in caves of different
geometries indicates substantive differences between
behavior of a U-shaped cave and a straight-shaped
cave. If temperatures were distributed uniformly
through individual environments (cave air, external
air), the geometry would not be important. Just
the differences in the altitudes of lower and upper
entrances would be crucial for airflow production in
such a case. However, only temperature gradients in
cave heterotrophic zones produce differences between
behaviors of both cave types. Whereas feedback
between external temperature and driving forces is
positive during UAF-mode in a U-shaped cave, the
same feedback would be negative in case of a straight
cave. Because a straight cave does not comprise of any
SC, the cold external air directly enters the warmer
and lighter IC at this moment and diminishes both
the pressure differences and driving forces. Therefore,
the positive feedback in U-shaped caves changes
into the negative feedback in a straight cave during
UAF mode. The feedbacks near the upper entrances
remain negative regardless of cave geometry. Overall,
such behavior results in lesser differences between
the UAF and DAF modes in straight caves.
Despite the fact that annual cave temperature is
believed to be near the annual external temperature
(White,
1988),
instantaneous
mean
cave
temperatures can have a wide range. This is caused
be the relatively short length of the cave with an
insignificant or missing homothermic zone (Wigley
& Brown, 1971). Based on the annual external
temperature ~10 °C, one would expect the ventilation
modes to switch only at this temperature. However,
data in Fig. 2 show a wide range of temperatures at
which UAF and DAF switch over (T ~ from 8 to 15
°C as follows from ∆T ~ -2 to 7 °C). This is roughly
consistent with cave mean temperatures varying in
the range of 7.8 to 12.9 °C (Table 1). It indicates
the importance of a “short-term history” of the
temperature distribution in heterothermic zones for
ventilation mode switching.
There is a consensus that cave air circulation
controls cave microclimate (Wigley & Brown, 1971,
1976; de Freitas & Littlejohn, 1987; Buecher, 1999;
Faimon et al., 2012) and, in such a way, also cave air
PCO2 at least for part of the year (Bourges et al., 2001;
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Baldini et al., 2008; Kowalczk & Froelich, 2010). The
reduction of PCO2(g) supports dripwater degassing,
an increase of water supersaturation with respect
to calcite, and more intensive calcite precipitation,
i.e., speleothem growth (Spötl et al., 2005; Banner
et al., 2007). A distorted paleoenvironmental
signal in speleothems may result from this process
(McDermott, 2004; Fairchild et al., 2006; Boch et al.,
2011). The changes in temperature/humidity of cave
air can induce water condensation and corrosion
of speleothems (Dublyansky & Dublyansky, 1998;
Dreybrodt et al., 2005). None of these phenomena
are fully understood in all contexts. Based on this
fact, cave air circulation will also require adequate
attention in the future.

CONCLUSIONS
The airflows in the dynamic U-shaped Císařská
Cave (Moravian Karst) were studied in dependence
on (i) external/cave temperatures and (ii) cave
ventilation modes. The study showed that cave
airflows (1) depend on the square root of the
temperature difference ∆T = Texternal-Tcave and (2) differ
from each other during distinct ventilation modes.
The cave upward airflows (UAF ventilation mode,
typical for cold seasons) generally exceed downward
airflows (DAF ventilation mode, typical for warm
seasons) under the same driving forces, ∆T. One
reason is nonlinearity in the dependence of air
density on temperature. Undoubtedly, this should
be responsible for a predominance of upward
airflows in all dynamic caves, regardless of their
geometry. In the case of the U-shaped cave, airflows
during UAF mode are amplified by positive feedback
between external temperature and airflow driving
forces. Cold external air entering the cave by the
lower entrance increases the temperature gradient
in the heterothermal zone, increases the mass of
the already heavier cave air column, and increases
the pressure difference between the inner and outer
(combined) air columns. In contrast, such feedback
is negative during DAF mode. In this case, the warm
and light external air entering the cave from the
upper entrance makes the heavy inner air column
lighter, and, consecutively, reduces the pressure
differences and driving forces.
Based on the modeled behavior, it can be deduced
that only negative feedbacks appear in straight
caves. They operate at both entrances and reduce the
airflows during both ventilation modes. Therefore,
the emphasized difference between upward and
downward airflows is unique only in the case of
U-shaped caves.
Furthermore, the study showed that the
temperature of switching between individual
ventilation modes varies with the “short-term
temperature history” of a given cave. Based on
an increasing understanding of the importance
of cave circulation for karst processes, we believe
that the results of this study may be of interest
for microclimatologists, karsologists, speleologists,
environmentalists, and paleoecologists.
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Abstract:

La Serreta endokarst (SE Spain), which UNESCO declared a World Heritage Site in 1998,
was considered a sanctuary with cave art and one of the most important archaeological
sites in the Mediterranean region for both the remains it hosts and the spectacular karstic
landscape at the site.
To coincide with the 40th anniversary of its discovery, the La Serreta cave-chasm was
adapted for public use with the intention of showing visitors the remains, which date back to
prehistoric times. The solution included attempts to minimize contact with the valuables in the
cave in order to alter the existing remains as little as possible and to make good use of the
magnificent interpretative conditions of such a unique place by showing the spectacular views
over the Los Almadenes canyon, where the Segura River flowed, which is now a viewpoint
over the void.
In order to determine the sustainability of the endokarst, the Karstic Sustainability Index
(KSI) was applied as a standard measure of sustainable development practices in karstic
environments, which employs indicators for the three domains: use of social, economic and
environmental resources. By applying this index, La Serreta endokarst was found to be
progressing towards the sustainable management of karst resources.
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INTRODUCTION
Ecotourism has become the most important
economic activity in many karstic areas. Indeed,
approximately 20 million people visit different tourist
caves every year worldwide (Lobo et al., 2010a). This
tourist interest in caves has shown a growing trend
in recent decades. Hence, the quantification of the
world’s caves open to tourists has become a hard
task, based on very few references which cite some
750 show caves around the world (Lobo et al., 2010b).
A tourist cave houses a series of aesthetic, cultural
or natural values, which mankind can enjoy and
make full use of, for example, in organized business
activities (Rivas et al., 2004). Tourist caves which
focus on cultural contents tend to house a valuable
representation of cave paintings, as well as the
remains of former human presence and prehistoric
occupation (Cigna, 1993). From the quantitative
perspective, however, visits to these caves cannot
be compared to other caves whose aesthetic
*aasencio@umh.es

character stands out, and the singular value of these
resources makes them highly distinguishable inland
destinations. In such caves, attention is mostly paid
to didactic and scientific contents, which are ideal for
tourist demands of an academic and cultural nature
(Huppert et al., 1993). It is to this type of tourist cave
that La Serreta endokarst belongs, which was declared
Heritage of Cultural Interest by the Spanish Historic
Heritage Law of 1985; it was later declared a World
Heritage Site by UNESCO in 1998, to become part of
the Spanish Mediterranean cave art series (Ministerio
de Cultura, 2005).
Seminaturalistic schematic cave paintings dating
back to the post-paleaolithic period (5000-4000 BC)
are conserved on the walls of La Serreta. Inside the
cave, Argaric (early Bronze Age culture, 1700-1300
BC) utensils have been found, as have the remains
of two Roman houses (300 AD), which are considered
to be the few Roman abodes known in caves, plus
evidence that supports its use as a refuge for cattle
from the Islamic Middle Ages (10-12 centuries) until

124

Asencio and Espinosa

the 20th century (Salmerón, 1999). These different
levels of cultural occupation convert La Serreta
cave-chasm into a sanctuary of cave paintings, a
Neolithic habitat and a Late Roman Empire refuge.
This endokarst is situated in a protected natural area
in the upper course of the River Segura as it passes
through the Murcia Region, SE Spain. This place has
been proposed as a Site of Community Importance
and forms part of a special protection area for birds,
which has been included in Natura 2000, a large
network of natural areas in Europe.
Furthermore, the management of a tourist cave
run by a local organization positively benefits the
municipality’s socio-economic development, provided
that its implementation focuses on creating jobs locally
and on generating business activities associated with
tourism in caves. This is particularly important at the
local level if we consider that the majority of caves
belong to localities with less than 7000 inhabitants
(Rivas et al., 2004). The main problem of tourist
management of caves with significant cultural
contents lies in their fragile conservation, particularly
in relation to modifications of cave micro-climates and
of the rock supporting cave paintings (Villar, 1993). In
general, the efforts that have been made to make the
public aware of the extraordinary prehistoric findings
in caves have led to mistaken cave management
from the very start (Calaforra et al., 2003). To create
ideal conditions to conserve these caves, specific
measures for visits need to be taken, which consist
in establishing their daily and seasonal limits (visitors
capacity; Cigna, 1993) or in defining special protection
areas. Restrictions of visits imply that the tourist
demand exceeds the supply; therefore, economic
interests as opposed to characteristic sustainable
caves management criteria and objectives may come
into play (Fernández-Cortés, 2005).
In addition, karst features are highly susceptible
to human influence. Removing tree cover, improper
waste disposal, excessive ground water pumping,
opening or closing cave entrances, quarrying, filling
in sinkholes and modifying superficial drainage
patterns, just to name a few, negatively impact karst
terrains. In 2005, van Beynen and Townsend created
a standardized and hierarchical Karst Disturbance
Index (KDI). Their index provides researchers with a
tool to measure risk, and to compare and contrast
the degree of karst disturbance in a given region.
Prior to this publication, no method for holistically
comparing, measuring, and contrasting karst
disturbance existed.
The KDI is not the only environmental index that can
be applied to karst environments. DRASTIC (Depth
to water, net Recharge, Aquifer media, Soil media,
Topography, Impact of the vadose zone, hydraulic
Conductivity of the aquifer) is a commonly used
ground water vulnerability index. It developed risk
rankings for aquifers using physical environmental
parameters, such as hydraulic conductivity, depth
to recharge and topography, among others (Aller
et al., 1986). Two more recent additions to these
types of ground water vulnerability indices are FAVA
(Florida Aquifer Vulnerability Assessment) by Arthur

et al. (2007) and EPIK (Epikarst, Protective cover,
Infiltration conditions, Karst network development)
by Doerfliger et al. (1999). Both were designed
specifically for karst regions. However, all three
indices measure vulnerability, whereas the KDI
attempts to determine the degree of human impact;
that is, what has actually happened, rather than
what could happen in the future.
The application of the KDI by Van Beynen et
al., (2007) in the Hillsborough County, Florida,
allowed its refinement and highlighted those
environmental aspects in need of remediation,
such as soil compaction, deforestation, disturbance
of archaeological sites, and the expanding urban
footprint. Several minor issues arose while applying
it: the need for broader indicator descriptions that
encompass a variety of scenarios; the need for a
revised water quality indicator; inadequate data
on sinkholes; lack of data on species richness and
species population density. North et al., (2009)
assessed and compared the utility of the KDI in
west-central Florida and southeast Italy, and made
further recommendations to refine the index, which
included the modification of the total disturbance
scores included in the original KDI. Some of the
indicators used in this method are difficult to assess,
and evaluators are obliged to report lack of data
(LD), meaning that more research is needed in that
particular field. This situation was also indicated in
a research work carried out in Apulia (Italy), where
typical Mediterranean problems are encountered
(Calò and Parise, 2006). KDI was also applied by De
Waele (2009) to karst areas of Sardinia (Italy), where
he used a slightly modified version of the KDI. Instead
of considering the environmental disturbances
indicators used in the original method, this slightly
modified index evaluates those disturbances causing
the deterioration of the environmental attributes.
Given the increased awareness of the effects of human
disturbance across many different karst landscapes
with growing human populations, efforts have been
made to reduce negative impacts and to promote
sustainable development. The exact framework to
achieve sustainability reflects the conflicts between
ecological conservation and resource exploitation,
and lack of political will. Evidently, it is necessary to
develop quantitative measures and plans that help
facilitate a sustainable society (Brinkmann & Garren,
2011). To date, very little work has been done to create
sustainability indices for specific environments.
Recently, Van Beynen et al. (2012) created the
Karst Sustainability Index (KSI) as the standardized
metrics of sustainable development practices in
karst settings. This index adopts pre-established
objectives to determine the global sustainability of
a given karstic region. Indicators are designed to
incorporate common sustainability measures for the
three domains of social, environmental and economic
resources usage.
In an attempt to attract the scientific world’s
attention to the need for sustainable management
in karst settings, including the most fragile and
vulnerable environments in the world, a study was
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undertaken in the valuable La Serreta endokarst
by applying the KSI to assess both this enclave’s
degree of sustainability and the applicability of KSI
indicators.

STUDY AREA

La Serreta endokarst is found in the Los
Almadenes karst (Fig. 1) which opens out and
makes good used of a tectonic fault with massive cut
superimposed dolomite and limestone strata in the
Murcian municipal areas of Cieza and Calasparra
(SE Spain). At Los Almadenes, the Segura River has
created a canyon with heights approaching 120 m
where canyon walls are practically vertical. The
surroundings, including the adjoining landscape
called Los Losares, contain caves, chasms and
rock shelters. The interiors of many of these caves
depict Palaeolithic and post-Palaeolithic cave art.
In the same area, several archaeological sites have
been documented (Montes, 1996; Salmerón, 1999)
which date back to between the Lower Palaeolithic
and the Islamic Middle Ages.
La Serreta cave-chasm, which is next to the upper
edge of the aforementioned canyon, currently has
two entrances (Fig. 1): one is a 16 meter-high chasm
which, today, can be entered via a metal stairway
built in 1990 by the Regional Historical Heritage
Service. The other is the main cave opening which
faces southwest and opens out into the left canyon
wall (Salmerón, 1999).

Fig. 1. A panoramic view of the Los Almadenes Karst. La Serreta
endokarst can be entered either through an opening in the roof
by means of a crack (dashed arrow) or onto Los Almadenes canyon
(solid arrow).

125

LA SERRETA ENDOKARST:
A HISTORIC OVERVIEW

Cave art
Inside this cave (Fig. 2), 50 figures of post-Paleolithic
cave art, commonly termed Schematic, and which
include some figures of a semi-naturalistic style
(Salmerón, 1999), are distributed over two panels.
Panel I (Fig. 3) is located on the northern wall of the
cave entry. The purely schematic representations
show several human figures in the shape of a Greek
phi, an ancoriform, a cruciform, two large polylobular
figures, other human sketches and three pectiniform
four-legged animals (Mateo-Saura, 1996). The seminaturalistic representations of this panel showed
two archers pursuing a herd of horses arranged on
a pyramidal structure, whose vertex is crowned by a
stud horse, as its exclusive sexual characterization
depicts.
Panel II (Fig. 4) is located on the wall in front of
Panel I, but is set back more deeply into the cave.
On it, are several figures of a strictly schematic style.
At the top, an idol of an ancoriform head and a body
in phi was discovered. The whole figure presents
a series of short perpendicular strokes around its
silhouette, as if to depict the rays of its supernatural
power. Lower down, five human schematic figures can
be seen, among which one polylobular form and two
cruciforms stand out (Mateo-Saura, 1996).
Neolithic occupation
La Serreta endokarst is considered one of the most
interesting Mediterranean Neolithic sites, not only
for its excellent state of conservation, but also for the
uniqueness of some of the activities carried out at
the site by some of the first farmers and shepherds
of the region, somewhere between the sixth and ninth
millenium BC (Salmerón, 1999).
To the extreme south of the cave two silos have been
dug in the sterile terra rossa soil which made up the
oldest Neolithic floor of this cave. These silos were
filled with ceramic materials, boatshaped sandstone
hand mills, the handles of these mills, a pendant
made from a bone cane, and lithic industrial materials
sculptured in flint, quartzite and limestone (Fig. 5).
Yet, the most important finding inside the silos was
a large group of wheat and barley seeds, which has
been documented (Sánchez-Martínez, 1996).
Late Roman occupation
Roman occupation in the cave took place in two
phases: the second half of the third century; the
second phase of occupation may date back to the
first years of 400 AD. The two Roman constructions
are superimposed (Fig. 6). The older is formed by a
floor made up of irregular large-sized sandstone slabs
outlining a rectangular-shaped room, which would
have measured approximately 5 x 2.5 m inside. This
floor was surrounded by a stone skirting board upon
which an adobe wall was erected (Salmerón, 1999).
Inside the second construction, the decomposing
adobe served as a new floor of an inner room, which
roughly measured 3 x 2.5 m. Next to this main room,
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Fig. 2. Geographical situation and map of La Serreta endokarst with cave paintings (panels I and II), archaeological remains (Roman houses)
and platforms connected by stairways which overcome the sharp slope there which ends in the viewpoint platform at the terminus of the route
(map: M. Fonseca).

another room was built, measuring approximately
1.5 x 1.5 m. It was paved with small sandstone
slabs, whose south wall was formed by the cave
itself. There is a lintel made from quadrangular
sandstone slabs over the entrance to this room
(Salmerón, 1999). The archaeological documents
mention the existence of roofs partially covered by
imbrex during both construction phases (Salmerón,
1999). This was a necessary measure to protect
dwellers from the rain, which could have entered
the main cave opening and filtered through the
chasm.

The fact that Roman constructions are rarely
located inside a cave made us consider the possibility
of its cultural use. Nonetheless, lack of clearly votive
material and the existence of a rubbish dump outside
the construction, suggest that the two successive
constructions were chiefly employed as a dwelling
place of a person who, among other activities, carried

Fig. 3. Wall painting with panel I in the La Serreta endokarst. The
effect of algal growth: disintegration because of chasmoendolithic
growth (arrow).

Fig. 4. Wall painting with panel II in the studied La Serreta endokarst
showing the Idol. Algal growth action: Epilithic communities totally
cover the painting (photo by J. Salmerón).
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Fig. 5. Fragments of limestone bracelets. Neolithic (photo by J.
Salmerón).

out medical practices. Three bronze utensils for this
use were found, two of which were used for preparing
drugs. Such practices could be related to the nearby
spring called El Borbotón, and its sulphureous and
thermal waters.
Deterioration of cave paintings and archaeological
remains
Algae grew on the ceiling and walls in La Serreta
endokarst, occasionally covering the painting and
archaeological remains, resulting in an unsightly
appearance and chromatic changes. The algal
flora in La Serreta cave-chasm has been studied
(Asencio & Aboal, 2000a) in an attempt to diagnose
the level of deterioration that the paintings and
archaeological remains have undergone. Epilithic and
chasmoendolithic algal growth has been observed, which
contributed to the biodeterioration of the paintings and
archaeological remains (Asencio & Aboal, 2001). The
epilithic species observed belonged to Bacillariophyceae,
Chlorophyceae, Cyanophyceae, and Xanthophyceae,
the chasmoendolithic species were Bacillariophyceae,
Cyanophyceae, and Xanthophyceae.
Occasionally, some species may change from epilithic
to endolithic depending on environmental conditions.
This occurred with Chroococcidiopsis kashaii, Hantzschia
amphioxys, Leptolyngbya perforans, Neidium binodis
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and Symphyonema cavernicolum (Fig. 7) in panel I and
II of Serreta, where they were chasmoendolithic in Panel
I and epilithic in Panel II (Asencio et al., 1996). A study
of the microenvironment of both panels throughout
the year showed that temperature and relative
humidity were similar, while photosynthetically active
radiation (PAR) was very high in panel I where algae
grew chasmoendolithically to protect against intense
radiation (Asencio & Aboal, 2000b).
The action of epilithic communities on the rock surface
resulted in the formation of crusts, which partially
or totally covered the paintings and archaeological
remains, as on the so-called Serreta Idol (Fig. 4).
Chasmoendolithic algae had settled in any fissure, thus
damaging the rock, which is crumbling (Fig. 3), and
endangering any nearby painting and archaeological
remains (Asencio & Aboal, 2001). The observed epilithic
growth, which was more abundant than endolithic
growth, suggests greater lithogenic (rock formation
through precipitation) than litholithic (rock degradation
and destruction) activity of a biological origin.
This first diagnosis should be followed up by
research into the best way of protecting the cave
paintings and archaeological remains from damage
caused by microalgal growth. There were plans to
apply treatments which have already been attempted
in other places, such as radiation treatment on
some frescoes (Albertano, 2012), sodium or calcium
hypochlorite used in some caves (IliopoulouGeorgoudaki et al., 1993) and formol used on some
cave paintings (Bastian & Alabouvette, 2009). Efficacy
of these treatments has been demonstrated with
epilithic organisms, but little is known about their
effect on endolithic algae, although it is assumed
that they are protected within the rock from the
action of biocides (Romero-Noguera et al., 2008).
Algal growth should be aggressively removed since
it was responsible for much of the degradation and
deterioration of many cave paintings and monuments
of historical importance (Macedo et al., 2009).

PRESENT-DAY SITUATION IN
LA SERRETA ENDOKARST
Sustainable development model
For the purpose of enhancing the development of La
Serreta endokarst and of improving the relationship
between mankind and nature by conserving natural
resources to help make them and their sustainable
use compatible, and to maintain cultural values, an
initiative was started at La Serreta as a pilot test that

Fig. 6. Two superimposed Roman constructions inside the La Serreta
endokarst. The older of the two (solid arrow) is formed by a rectangularshaped room, approximately 5 x 2.5 m. The second construction
(dashed arrow) has a main room, 3 x 2.5 m, and next to it, there is a room
of approximately 1.5 x 1.5 m (photo by J. Salmerón).

Fig. 7. Light micrographs [scale bar: 10 µm] of Symphyonema
cavernicolum.
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involved experimenting with sustainable development
models in karstic environments.
On the 40th anniversary of its discovery, La Serreta
cave-chasm was adapted for public use with the
intention of showing visitors the artifacts within the
cave. The adopted solution intended to minimize
contact with the valuables inside the cave while also
making full use of the magnificent interpretative
conditions in this unique place. Part of the effort
was to highlight the spectacular views over the Los
Almadenes canyon, where the River Segura flowed,
which is now a viewpoint over the void.
Only two construction materials were employed,
steel and wood, which were in keeping with the
stone surroundings and allowed the wonderful cave
paintings and the remains of the Roman village to be
viewed. This has been achieved by platforms connected
by stairways, to avoid the steep slope terminating
there at the viewpoint platform at the end of the
route (Fonseca, personal communication) (Fig. 2).
Signs were designed to form part of the architectural
ensemble. Access to the ensemble was considered to
take the form of a closed box (Fig. 8) which, in turn,
protects and identifies the place when open. From this
element, several metal stairways descend to the cave
bottom, where wooden stairways, erected upon the
rock layer run to the most relevant areas (Fonseca,
personal communication). This task included solar
panels to provide self-sufficient lighting in the darkest
places on the route (Fig. 8).
Application of the Karst Sustainability Index to
La Serreta endokarst
The KSI uses predetermined targets to ascertain
the overall sustainability of a karst region. Indicators
are designed to incorporate common measures
of sustainability for the three domains of social,
environmental, and economic resource use; each
possesses a subset of indicators and target levels
that determine progress toward sustainability (Van
Beynen et al., 2012). The time frame within which
these targets are achieved depends on the capacity of the
organisation with jurisdiction over the karst region. This

Fig. 8. (a) Access to the La Serreta endokarst (arrow) considered
to resemble a closed box (b) which, in turn, protects and identifies
the place when it is open (c).

capacity may be affected by the current environmental
state under the control of this organisation’s jurisdiction.
The KSI provides a robust measure of sustainability (Van
Beynen et al., 2012). There are various scales to which this
index can be applied, including large areas, such as states
or counties, which encompass an entire karst area, as well
as small karst watersheds. Applications on both scales
offer advantages and disadvantages. The major advantage
of working at the watershed level, as with La Serreta
endokarst, is that it allows the collection of very detailed
local data and information; this provides more accuracy in
sustainability assessments. Another advantage is to keep
building the study area outwardly from a single watershed
and to allow comparative analyses.
The results are shown in Table 1. Progress towards
the KSI targets for the La Serreta endokarst was
measured between 1996 and 2011, or at least during
the period for which data were available. Data for
the equity and environmental justice measures in
the social domain, such as ownership, employment,
access and displacement, can be acquired only
by local data collection, policy assessment and
interviews. However, information on karst education
as part of school curricula, education centers and
tourist locations can be acquired from school officials,
education centers and cave managers. The social
domain component (Table 1) demonstrates the most
effective efforts towards sustainability in relation to
the enclave. La Serreta cave-chasm, located within
Cieza holdings, is publicly and locally owned, as are
the rest of the caves in the Los Almadenes karst.
Karst-related employment is based locally (CARM,
2005-2011). There are no restrictions in the La
Serreta endokarst to the water pumped from the karst
aquifer. While displacement of a population segment
may be commonplace in developing countries, and
the access to karst resources that indigenous people
have may be restricted, these two indicators are not
applicable to La Serreta endokarst. The entire school
population in the Cieza municipality has received
education on the karst landscape. Several schools,
whose curricula included an environmental focus
on the Mediterranean region, have been visited by
graduates from the University of Murcia for talks
on karst-related matters (Observatorio de Desarrollo
Rural, Local y Empleo, 2010). The local government
has produced brochures and provided information on
its websites about the sustainable use of local karst
resources (Ayuntamiento de Cieza, 2011).
The environmental domain has a number of data
sources. Local or regional government agencies are
a source of information on forests, protected areas,
riparian zones and the monitoring of various water
quality indicators. They are responsible for enforcing
local and national environmental regulations.
Departments of Environmental Protection or
Conservation often measure the environmental status
for those areas under their control. In addition, all
these agencies may have GIS map files and spatial
data, which may prove invaluable to illustrate the
changes that have taken place in their regions. Cavers
and cave organizations possess a significant amount
of information that cannot be ignored, particularly
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Table 1. The three principal domains (social, environmental and economic
resource use) of the Karst Sustainability Index (KSI). The KSI scores in the
La Serreta endokarst.
Target (%)

Progress
Towards
Target

S1. Local ownership, private or public, of caves and springs

>80

Achieved

S2. Locals employed in karst related jobs

>80

Achieved

S3. Equitable access for the population to karst water
resources

100

Achieved

S4. Percentage of population displaced by the urbanization
of karst landscape

<5

N/A

S5. Indigenous people’s access to karst resources

100

N/A

S6. Percentage of schools offering karst education in their
curriculum

100

Achieved

S7. Percentage of karst-related tourist facilities offering
informal education

100

Achieved

S8. Local governments offering karst-related information on
websites or through publications

100

Achieved

Indicator
Social Domain

Environmental Domain
En1. Amount of karst area forested or with native vegetation

↑20

Stable

En2. Amount of karst designated as protected

↑20

Increasing

En3. Biodiversity of species in a karst environment

Stable

Stable

En4. Riparian zones around hydrological input sources to
karst groundwater

>75

Increasing

En5. Number of impaired springs measured by biological or
water quality indicators

↓20

N/A

En6. Percentage of monitored water supply springs and wells

100

N/A

En7. Current landfills preventing groundwater contamination

100

Achieved

En8. Collection of sewage from all the homes in urban areas

100

Achieved

En9. Tertiary treatment of urban wastewater

100

Achieved

En10. Monitoring the condition of heavily used caves

100

Achieved

En11. Enforcement of local regulations

100

Achieved

100

N/A

Stable

N/A

↑20

N/A

Economic Domain (Resource Use)
Ec1. Abandoned commercial quarries or mines that have
been reclaimed
Ec2. Water extraction from aquifers and springs
Ec3. Increase in agricultural water efficiency (value
in €/consumption)
Ec4. Area of urbanization and roads

Stable

Stable

Ec5. Sustainable forestry on the karst landscape

100

Stable

Ec6. Number of eco-tourism ventures related to the karst
landscape

↑20

Increasing

on cave management plans and eco-tourist activities.
The La Serreta endokarst study confirms that these
data sources are essential and that they have often
been readily available in regional management plans
because agencies from the Comunidad Autónoma de la
Región de Murcia, such as the Consejería Agricultura,
Agua y Medioambiente, have also collected useful
data. In addition, scientific research is another
important source of environmental data to assess
the state of certain aspects of the karst environment.
For many karst regions, the environmental domain
poses the greatest challenge to achieve sustainability
(Van Beynen et al., 2012). Table 1 shows how the
La Serreta endokarst has a somewhat mixed record
when it comes to sustainability. Over a 12-year period
from 1996 to 2008, the amount of karst area with
native vegetation remained stable (Gual, 2009). The
need to protect the La Serreta endokarst, which has
been a World Heritage Site since 1998, has resulted
in land acquisition by local government agencies
(Ayuntamiento de Cieza, 2006). For example, in 1992,
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the Los Almadenes karst was declared a protected
area by Law 4/92 of the Territorial and Protection Bylaws of the Murcia Region, covering 116 ha. In 2006,
the Comunidad Autónoma de la Región de Murcia
was authorized to extend the construction of an
interpretation center to five areas (CARM, 2008-2010).
Today, 80% has been completed. Its objective, with a
budget of 4.1 million euros, was to make this setting
sustainable, with all its highly valuable landscape,
botanical, faunistic, geological and archaeological
values (Ministerio de Hacienda y Administraciones
Públicas, 2011). Therefore, the protected karst areas
have increased as a result of this process. The indicator
pertaining to riparian zones is directly related to this
increase in acquired lands. The stable amount of karst
area with native vegetation in the La Serreta endokarst
and this increase in protected land pose a question as
to determining how biodiversity is affected. Biodiversity
remain stable despite the protected surface increasing
owing to vegetation being the same throughout the area
(CARM, 2010). The local caves in the Los Almadenes
karst are relatively undisturbed given lack of public
access, and those that are visited such as La Serreta
which, since its discovery receives 1000 visitors every
year, have cave management plans devised by the
municipality venture known as “Consorcio turístico del
karst de los Almadenes” (Ayuntamiento de Cieza, 2011).
Although springs measured by biological or water
quality indicators, as well as monitored water-supply
springs and wells, can provide very important data,
these two indicators are not applicable to the La Serreta
endokarst. The modern landfills design safeguards
ground water, and residential wastewater is collected
and treated properly in an oxidation pond system
(CARM, 2010). Finally, the enforcement of regulations to
protect the karst landscape is measured by fines. Levied
fines have increased by 10% (CARM, 2008-2010).
Information for economic or resource use
indicators generally originates from local, regional or
national governmental organizations. Data on water
consumption and on waste collection and treatment
are typically collected by local municipalities or waste
and water management organizations. Regulations
that influence land use and urban development can
be assessed at local, regional and national levels. For
the La Serreta endokarst, these data were created
by the CARM (2008-2010) and by groups at regional
universities, such us Murcia (Observatorio de
Desarrollo Rural, Local y Empleo, 2010). The quarries
and mines factor was not applied to the economic
domain because no such destructive activities
and important sources of income are found in the
La Serreta endokarst. For centuries, cereals and
pasturelands have been the predominant agriculture
in the area. For this reason, agricultural water
efficiency is not applicable in the economic domain.
Although water extraction from aquifers and springs
can provide very important data, this indicator is not
applicable to the La Serreta endokarst. In relation to
the area and its urban development and roads, the
few and isolated residential buildings are basically
detached homes used as a second residency. They are
connected by narrow country lanes, into which a bicycle
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lane is soon to be incorporated (Ayuntamiento de Cieza,
2011). Changes in the urban development of an area are
often an indicator of economic growth. In the La Serreta
endokarst, no further changes have been made since its
urban development, and its road system is stable. This
indicates the sustainable use of this karst landscape
because the area has not increased from 1996 to 2010
(Observatorio de Desarrollo Rural, Local y Empleo,
2010). Logging is another economic activity that proves
important to a local economy. In 2005, the first rural
tourism firm was set up in Cieza, and today there are
seven firms actively working (CARM, 2011a). They are
in charge of restoring country homes and must respect
the traditional popular architecture, structure and
layout of the rural farmhouses and ranches in the area,
inhabited by some 10 persons. This sector is a significant
component of employment in the La Serreta endokarst.
In addition, use of native vegetation, particularly
Stipa tenacissima, has been stable and remains
sustainable (Observatorio de Desarrollo Rural, Local
y Empleo, 2010). From this autochthonous species,
which covers most of the La Serreta endokarst
surface, esparto grass, a natural fiber, is obtained,
and it is used to make local crafts, and is also in
buildings (CARM, 2009a). Esparto grass production
has formed an important part of the local economy
and, even today, it still provides work, as the esparto
grass museum reveals, which was opened in 2001
(CARM, 2009b). Moreover, karst-related tourist
attractions include a series of artistic, cultural and
sports activities. They include visits to the La Serreta
endokarst to view its cave paintings, archaeological
remains, as well as its spectacular views over the Los
Almadenes canyon, where the Segura River flows.
Currently, there are four types of sporting ventures
available: trekking, climbing, speleology and riding in
a hot air balloon (CARM, 2011b). Finally, tourism has
been a significant source of income to the La Serreta
cave-chasm, and the karst landscape has greatly
contributed to this sector (Observatorio de Desarrollo
Rural, Local y Empleo, 2010). All the above sustainable
eco-tourist entities evidence the increasing number of
such ventures in recent years (CARM, 2005-2010).

DISCUSSION
Karst Sustainability Index was applied to La
Serreta endokarst, which took into account the
three environmental sustainability pillars employed
to evaluate karst landscapes: social equity,
environmental values and economic development.
Several specific variables are measured in all three
domains, which can be used by KSI to provide an
assessment framework in karst lands. It was quite
apparent that the La Serreta endokarst has met
nearly all its sustainability targets set by the KSI for
the social domain, where education and the direct
involvement of anybody living in karst territories has
proven crucial (De Waele, 2010). The enclave was also
making progress in the environmental domain, with
only two indicators showing no improvement or worse
conditions over the measured time frame. Creating
environmental awareness to safeguard the karst

and its resources was the first step in the process of
creating sustainable development in these sensitive
environments (De Waele et al., 2011). In the economic
domain, much progress remained as none of the
KSI targets had been achieved. Consequently, the
overall KSI rating for the La Serreta endokarst is that
the enclave is progressing towards the sustainable
development target.
The sustainability of La Serreta endokarst was
measured with an index that sets targets for government
bodies, and which takes into account issues of equity,
environment and economic development. One difficult
measure was enforcement. It has been acknowledged
that while the simple creation of regulations protecting
karst was laudable, their enforcement was just as
important (Van Beynen et al., 2012). However, there
was not a single enforcement method to measure. Fines,
loss of access and restoration requirements were all
possible methods. In addition, assessing enforcement
within a sustainability index is difficult. As fines have
increased over time, enforcement is considered to be
improving. One possible limitation of any index is its
truth in reporting and its uniform application. Company
and government officials may feel it is more important
to give the impression of sustainable operations and
environmental stewardship. As such, third party
evaluations and verifications may prove appropriate,
which is in agreement with Van Beynen et al. (2012).
The data required to score the indicators became
available while collecting data on the La Serreta
endokarst to apply the KSI, except for some
sustainable forestry changes taking place in the
region. The related economic indicator values allowed
a justifiable assumption to be made of the forestry
status in the study area. Well-funded regional
agencies and some local university studies provided
all the data in the reports, which are available to the
public. Therefore, it was only necessary to find these
reports and to collect data.
We considered the contributions of various karstrelated industries to the local economy to be economic
indicators of the KSI. However, collecting these data
at municipal levels proved very difficult. For example,
when attempting to collect information on aquifer and
spring water extractions, we found data only at the
regional level or for the entire company’s operations,
which extended beyond the La Serreta endokarst
area. It was not possible to find what we needed for
the specific karst region under study.
As with any index, it is not possible to include
all sustainability aspects in the KSI. Therefore, one
limitation of this index may be lack of indicators
characterizing the tourist endokarst. It is well-known
that human influence in caves alters the dynamic
equilibrium of the natural environment. This
imbalance has serious effects on the cave atmosphere,
including raised temperature, lower relative humidity
and higher CO2 concentration. The CO2 exhaled by
visitors is far from being the only factor responsible
for degradation found in the cave deposits. The
new environmental conditions generated by human
intervention in this fragile system, such as higher
temperatures and lighting systems, will encourage the
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Abstract:

Using data from the Czech Republic, we studied the distribution of spiders in soils, crevice
systems, scree and caves, i.e. subterranean habitats at depths spanning from 10 cm to
100 m. In total, we found 161 species. The number of species declines with increasing
habitat depth, with a major drop in species richness at the depth of 10 meters. Thirteen
species exhibit morphological adaptations to life in subterranean habitats. At depths greater
than 10 meters, spider assemblages are almost exclusively composed of troglomorphic
species. We propose a hypothesis of evolution of troglomorphisms at spiders during
Quaternary climatic cycles.
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INTRODUCTION
A variety of subterranean habitats exists and have
been colonized by arthropods (Růžička, 1999; Culver
& Pipan, 2009; Giachino & Vailati, 2010). According to
the space dimensions, we can distinguish on one hand
the soil, with interstices of dimensions comparable with
body size of arthropods inhabiting the soil, and, on the
other hand, all other terrestrial subterranean habitats
fashioned by spaces distinctly larger than arthropod
body dimensions. According to their depth, we can
very roughly distinguish superficial subterranean
habitats (usually up to several meters deep, with
considerable annual temperature fluctuations) and
deep subterranean habitats (usually with very limited
or no annual temperature fluctuations). Superficial
subterranean habitats are formed in soils, cracks and
fissures in rock mantle, in bare and forest scree, in slope
sediments, in river terraces, and in crevice systems and
cave entrances formed in solid rock. Deep subterranean
habitats are represented by fissure network in rock
massifs, human-sized caves included.
Many subterranean invertebrates display similar
morphologies that have evolved convergent under the
similar selective pressures imposed by subterranean
environment. Such spiders show the typical
morphological changes – reduced pigment and eyes
*vruz@entu.cas.cz

and lengthening of appendages (Culver & Pipan, 2010).
Hotspots of subterranean biodiversity in the Europe,
characterized by rich occurrence of highly specialized
species, are concentrated in the Dinaric Karst (Culver &
Sket, 2000). In Central Europe, the oscillation of climate
during the Quaternary brought about repeated shifting
and reconstruction of floras and faunas, cave fauna
included. During the first Pleistocene glaciation, the
eradication of any preglacial highly specialized terrestrial
animals inhabiting caves is likely in the periglacial zone
(Holdhaus, 1932). All subsequent glaciations represented
the same threat for cave animals. In spite of that, we found
spiders adapted to life in caves and other subterranean
habitats in Central Europe (Růžička,1999).
In this paper we concentrate on spiders occupying
subterranean habitats in the Czech Republic. The basic
aims of our study were (1) to find in which habitats
troglomorphic spiders occur, (2) to find how deep to
subterranean spaces they penetrate, and (3) to provide
a working hypothesis explaining the evolution of
troglomorphic spiders in Central Europe.

MATERIALS AND METHODS
Study area
The Czech Republic lies in the temperate zone of Europe.
The country has diverse geological and geomorphological
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structures and is rich in both superficial and deep
subterranean habitats (Hromas, 2009). During
Pleistocene glaciations, the Czech Republic formed
a narrow ice-free passage between the Northern
European and Alpine areas of glaciation (Ehlers &
Gibbard, 2004). Žák et al. (2004, 2009) reported the
finding of cryogenic cave carbonates in Czech, Polish,
and Slovak caves, formed in slowly freezing water
pools, probably on the surface of cave ice. It documents
that caves were frozen in areas where discontinuous
permafrost intermittently existed during glaciations.
Subterranean habitats and sampling
We evaluated material of spiders collected in four
subterranean habitats (Fig. 1). We use the depth as a
surrogate for the degree of isolation from the surface.
“Depth” is characterised as the shortest distance, either
horizontal or vertical, from the surface habitats. In
subsurface habitats, this means the depth below the surface
in which the spiders were collected. In caves, it represents
the depth below the surface, or horizontal distance to the
cave entrance, whichever is smaller (Novak et al., 2012). We
collected spiders in pitfall traps (cans with fixation fluid),
usually modified board traps (Růžička, 1982, 1988b). Each
such sample represents an assemblage of spiders from one
trap left in concrete place usually for one year.
Soils (Fig. 1A)
We collected spiders in soils in three regions in Eastern
Bohemia and Northern Moravia (Laška et al., 2011). Spiders
were collected using pitfall traps. In total, we obtained 119
samples from the vertical span of 0.15–1.35 m.
Crevice systems (Fig. 1B)
We collected spiders in crevice systems formed in
sandy marl, limestone, and phonolite in three regions
in Central, Eastern, and Northern Bohemia. We were

Fig. 1. Examples of habitats studied. a) Soil profile near Horka nad
Moravou (Růžička et al., 2011; photo by I. H. Tuf) is inhabited by
microphthalmous Porrhomma microps (5-45 cm), and Porrhomma
rosenhaueri (35-95 cm); b) crevice system in sandy marle on
Džbán plateau near Mutějovice (photo by V. Růžička) is inhabited
by depigmented Cicurina cicur, Palliduphantes pallidus, and
Centromerus cavernarum; c) scree slope on Kamenec hill near
Verneřice-Merboltice (Růžička et al., 2012; photo by L. Jenka) is
inhabited by long-legged Wubanoides uralensis lithodytes and
Bathyphantes eumenis buchari, as well as microphthalmous
Porrhomma rosenhaueri; d) Amatérská cave, Moravian Karst (photo
by M. Audy) is inhabited by depigmented Porrhomma convexum, and
microphthalmous Porrhomma egeria.

unable to dig under the layer of soil at a depth
of 2–3 meters to reach crevice system, so using a
hammer, a chisel, and a crowbar we penetrated into
crevice systems through the side of a quarry wall.
Spiders were trapped in pitfall traps. In total, we
obtained 10 samples, with sampling depth of 0.35 m
(horizontal distance from the quarry wall).
Scree (Fig. 1C)
We collected spiders in bare stony accumulations
(sloping mass of coarse rock fragments without soil
admixture) collected from the whole territory of the
Czech Republic. The size of stones ranged from 10
cm up to 80 cm (exclusively several meters). The
investigated scree are formed by limestone, sandstone,
volcanic rocks (basalt, phonolite, andesite), gneiss,
conglomerate, quartzite, granite and other kinds of
rock (Růžička & Klimeš, 2005). Spiders were trapped
in pitfall traps. In total, we obtained 225 samples from
the vertical span of 0.1–6.5 m.
Caves (Fig. 1D)
We evaluated data from the whole territory of the Czech
Republic, from caves formed in limestone (dolomite),
sandstone, volcanic rocks (basalt, phonolite), gneiss,
sandy marl, and loess. Caves deeper than 20 m are
formed exclusively in limestone. Spiders completing
the whole living cycle on concrete place were collected
using pitfall traps and hand picking. We do not take
into consideration samples from open abysses or caves
with open water flow, where spiders living on surface
could be transported. In total, we obtained 95 samples
varying in depth from 2–100 m.
Spiders and their morphology
Zacharda (1979), studying the morphological
adaptations of mites, distinguished two different classes
of adaptations to life in subterranean environment:
edaphomorphisms are adaptations to life in soil
environment, and troglomorphisms are adaptations to
life in all other subsurface habitats. Depigmentation,
desclerotization, and the atrophy (even loss) of the
eyes are characteristic for both types of adaptations.
Legs shorter than in epigean congeners are typical
for edaphomorphic species, whereas legs longer than
in epigean congeners are typical for troglomorphic
species. In harvestmen, depigmentation and changes
in leg length are among initial changes, eye size may be
the last character affected (Derkarabetian et al., 2010).
In spider genus Troglohyphantes, pigmentation is the
first to get lost, the next stage is loss of pigment around
the eyes, which runs parallel to reduction of eye size
(Deeleman-Reinhold, 1978).
We searched for species with published data
documenting
troglomorphisms/edaphomorphisms
among spiders caught. All such populations/taxa are
described in relation to conspecific surface population
or to closely related surface species. We consider
slight changes in leg length and barely noticeable eye
diminishing to be initial changes. We designated marked
eye reduction, characterized by posterior median eyes
interdistance greater than two eye diameters (measured
by us), as advanced eye reduction.
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Nomenclature of species is according to Platnick
(2012). Dysdera lantosquensis Simon, 1882 sensu Řezáč
et al. (2008). We suppose that Porrhomma cambridgei
Merrett, 1994 and P. oblitum (Cambridge, 1871) can
be conspecific, and for the purpose of this study we
designate all specimens as Porrhomma oblitum. We
suppose that Porrhomma myops Simon, 1884 and
Porrhomma rosenhaueri (Koch, 1872) can be conspecific,
and for the purpose of this study we designate all
specimens as Porrhomma rosenhaueri.
The spiders were examined and determined
under Olympus SZX12 stereomicroscope in 80%
ethanol. The posterior median eyes interdistance
were measured with an Olympus BX40 compound
microscope fitted with an ocular micrometer. The
material for photographing was transferred into a
mixture of this ethanol and glycerol 4 : 1. Photographs
were taken with an Olympus C-5060 wide zoom digital
camera mounted on an Olympus BX40 microscope.
The images were montaged using CombineZP image
stacking software.
Data analysis
Counts of individuals for each spider species in each
sample, as well as the species richness (measured
as the number of spider species occurring in each
sample) were log-transformed (using ln(x+1) formula)
before their use in statistical models, to achieve
homogeneity of variances in statistical models.
We have summarized the relative changes in
composition of spider assemblages across individual
sites using the detrended correspondence analysis
(DCA) method, with down-weighting of rare spider
species (ter Braak & Šmilauer, 2002, p. 203). The
differences in spider assemblages among the four
distinguished habitat types was tested and visualized
using canonical correspondence analysis (CCA) with a
Monte Carlo permutation test of significance (Lepš &
Šmilauer, 2003). Habitat preference of selected spider
species (17 species with abundance best predicted by
habitat type) was displayed with a pie attribute plot.
All multivariate analyses were performed and graph
created using Canoco for Windows package version
4.5 (ter Braak & Šmilauer, 2002).
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Change of species richness (number of occurring taxa)
with depth was described with a linear model using
log-transformed richness as well as log-transformed
depth, using F-static based test of model significance.
The proportion of troglomorphic taxa in the spider
assemblages was predicted using a generalized linear
model with an assumed binomial distribution, and this
model was tested using likelihood-ratio test based on
a test statistic with assumed χ2 distribution under H0.
Linear and generalized linear models were fitted using R
package version 2.8 (R Development Core Team, 2008).

RESULTS
In total, we found 161 spider species across all investigated
habitats. Thirteen species exhibit troglomorphisms in all or
in some populations. We register them in karst areas, as
well as far from karst areas on bedrock of all investigated
types. This set of species (Table 1) forms a focal group for
our study.
In soils we captured 362 spiders belonging to 35 species.
Cicurina cicur, Palliduphantes alutacius, and Harpactea
lepida were the most frequent. Porrhomma microps and
Porrhomma rosenhaueri are troglomorphic.
In crevices we caught 247 spiders belonging to 32 species.
Cicurina cicur, Histopona torpida, and Harpactea lepida
were the most frequent ones. Porrhomma microps and
Improphantes improbulus are troglomorphic species.
In scree habitats 1362 spiders were collected, belonging to
117 species. Lepthyphantes notabilis, Bathyphantes eumenis
buchari, and Rugathodes bellicosus were the most frequent
ones. B. e. buchari, Comaroma simoni, Rugathodes bellicosus,
Theonoe minutissima, Wubanoides uralensis lithodytes,
Improphantes improbulus, Porrhomma egeria, and Porrhomma
rosenhaueri are troglomorphic species. The first five were
collected exclusively in this habitat.
In caves we captured 917 spiders belonging to 75 species.
Porrhomma egeria, Nesticus cellulanus, Meta menardi, and
Metellina merianae were the most frequent ones. Porrhomma
convexum, Porrhomma oblitum, Porrhomma profundum,
Pseudomaro aenigmaticus, Improphantes improbulus, Porrhomma
egeria, Porrhomma microps, and Porrhomma rosenhaueri are
troglomorphic species. The first four species were collected
exclusively in this habitat.

Table 1. A survey of species exhibiting morphological adaptations to life in subterranean habitats. All of them are
depigmented.
Species

Morphology

References

Rugathodes bellicosus (Simon, 1873)

body diminishing, leg shortening

Růžička (1989, 1998)

Theonoe minutissima (O. P.-Cambridge, 1879)

leg elongation

Růžička (1998)

Comaroma simoni Bertkau, 1889

eye reduction

Kropf (1998)

Bathyphantes eumenis buchari Růžička, 1988

leg elongation

Růžička (1988a)

Improphantes improbulus (Simon, 1929)

leg elongation, eye diminishing

Moritz (1972), Růžička (1998)

Porrhomma oblitum (O. P.-Cambridge, 1871)

leg elongation, advanced eye reduction

Merrett (1994)

Porrhomma convexum (Westring, 1851)

eye diminishing

Bourne (1977)

Porrhomma egeria Simon, 1884

advanced eye reduction

Bourne (1978)

Porrhomma microps (Roewer, 1931)

advanced eye reduction

Miller & Obrtel (1975)

Porrhomma rosenhaueri (L. Koch, 1872)

advanced eye reduction, leg elongation (scree and
caves), leg shortening (soil)

Bourne (1977); Růžička et al. (2011)

Porrhomma profundum Dahl, 1939

advanced eye reduction

Loksa (1970); Růžička (2009)

Pseudomaro aenigmaticus Denis, 1966

advanced eye reduction

Snazell (1978)

Wubanoides uralensis lithodytes Schikora, 2004

body enlargment, prosoma elongation, leg elongation

Schikora (2004)
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We found a great overlap in spider assemblages
across the four habitat types (Fig. 2). Seven species were
recorded in all four habitats: Centromerus cavernarum,
Cicurina cicur, Coelotes terrestris, Harpactea lepida,
Histopona
torpida,
Malthonica
silvestris,
and
Palliduphantes alutacius. Nevertheless, there was a
significant difference in spider assemblages among
the compared habitats (pseudo-F = 5.3, p=0.001), with
habitat type predictor explaining 6% of the total variation.
We have found multiple spider species limited only to
one of the recognized habitat types (Fig. 3, the species
with symbols overlapping a habitat symbol). Also, the
species occurring more frequently in two habitat types
preferred either a combination of scree and caves, or a
combination of soil and crevices (see Fig. 4).
The number of species in a sample declined with
increasing depth, with a major drop in species
richness at the depth below 10 meters (Fig 5A). Fitted
linear model (with log-transformed species richness
as well as the habitat depth) explained 23% of the
richness variation (F1.265=76.9, p<0.0001).
All four types of habitats studied were occupied by some
troglomorphic species. The highest number of these species
(eight) was recorded in scree and cave habitats. Proportion
of troglomorphic taxa in a sample increased with increasing
distance from surface habitats (Fig. 5B, fitted generalized
linear model explained 25% of the total variation,
χ2=98.9, p<0.0001). At depths greater than 10 meters,
spider assemblage was almost exclusively composed of
troglomorphic spider species. However, no studied species
was exclusively specialised to deep subterranean habitats.
We arranged troglomorphic species in a sequence
based on the maximal depth of occurrence (Fig. 6;
Table 2). The species exhibiting initial morphological
changes tend to occupy only superficial subterranean
habitats (especially scree slopes), and tend to have
isolated troglomorphic sub-populations and main

Fig. 2. Ordination diagram with the first two axes of DCA (explaining
together 7.4% of the total variation). The range of site positions
for individual habitat types is displayed by enclosing polygonal
envelopes (ignoring sites with a single species). Positions of 15 spider
species with highest frequency and fit in the ordination plane are
shown, using following acronyms: AnTr – Anguliphantes tripartitus,
BaEB – Bathyphantes eumenis buchari, CiCi – Cicurina cicur,
HaLe – Harpactea lepida, LeNot – Lepthyphantes notabilis, MaSi –
Malthonica silvestris, MeMen – Meta menardi, MeMer – Metellina
merianae, MiAp – Micrargus apertus, NeCe – Nesticus cellulanus,
PaAl – Palliduphantes alutacius, PhGi – Pholcomma gibbum, PoEg
– Porrhomma egeria, PoRo – Porrhomma rosenhaueri, RuBe –
Rugathodes bellicosus.

Fig. 3. Ordination diagram with the first two axes of CCA, in which the
spider assemblage composition was explained by the habitat type
(soil – crevices – scree – caves). Displayed axes summarize 4.8%
of the total variation in spider assemblage data (and 84% of the total
variation explained by habitat type). Positions of 25 species (with highest
discrimination among habitat types) are shown, using following acronyms:
AcNo – Acantholycosa norvegica, AnTr – Anguliphantes tripartitus,
BaEB – Bathyphantes eumenis buchari, BaEE – Bathyphantes eumenis
eumenis, CeCa – Centromerus cavernarum, CeSi – Centromerus
silvicola, CiCi – Cicurina cicur, ClAl – Clubiona alpicola, DiHe –
Diplocephalus helleri, DyLa – Dysdera lantosquensis, HaLe – Harpactea
lepida, LeNod – Lepthyphantes nodifer, LeNot – Lepthyphantes
notabilis, MaSi – Malthonica silvestris, MeMen – Meta menardi, MeMer
– Metellina merianae, MiAp – Micrargus apertus, PaAl – Palliduphantes
alutacius, PhGi – Pholcomma gibbum, PoEg – Porrhomma egeria, PoMi
– Porrhomma microps, PoPa – Porrhomma pallidum, RoLi – Robertus
lividus, RuBe – Rugathodes bellicosus, TeAl – Tenuiphantes alacris.

Fig. 4. Pie-attribute plot based on the first two axes of CCA constrained
by habitat type (see Fig. 3 legend). Each pie symbol represents one
spider species (17 species with highest discrimination among habitat
types) and the pie slices represents the percentage of that species’
occurrences in individual habitat types. Species acronyms are as follows:
BaEB – Bathyphantes eumenis buchari, BaEE – Bathyphantes eumenis
eumenis, CeCa – Centromerus cavernarum, CeSi – Centromerus
silvivola, CiCi – Cicurina cicur, DyLa – Dysdera lantosquensis, HaLe
– Harpactea lepida, MaSi – Malthonica silvestris, MeMen – Meta
menardi, MeMer – Metellina merianae, MiAp – Micrargus apertus,
PaAl – Palliduphantes alutacius, PhGi – Pholcomma gibbum, PoEg –
Porrhomma egeria, PoMi – Porrhomma microps, RuBe – Rugathodes
bellicosus, TeAl – Tenuiphantes alacris.
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sub-population inhabiting surface habitats. The
species exhibiting advanced eye reduction (Fig. 7)
tend to occupy deep subterranean habitats. However,
they often occur abundantly also in surface habitats.

DISCUSSION
We discovered that both superficial and deep
subterranean habitats are richly colonized by
spiders and numerous species occur in several
types of subterranean habitats. This supports the
idea of Giachino & Vailati (2010: 28) that “different
subterranean habitats are in fact closely interrelated
and form an inseparable continuum.”
The high number of troglomorphic spider species
found in superficial subterranean habitats documents
the importance of these habitats for subterranean
evolution of spiders (Růžička, 1999), as the
colonizers of subterranean realm must invade first
superficial subterranean spaces. It was documented
independently also for beetles (Růžička, 1998;
Giachino & Vailati, 2010) and aquatic crustaceans
(Culver & Pipan, 2008; Pipan & Culver, 2012).
Giachino & Vailati (2010; see pages 41, 68), studying
beetles, found bare scree accumulations as “unsuited
for the life of subterranean organisms”. But we found
bare scree accumulations to be very important for

Fig. 5. Change of total species richness a) and the proportion of
troglomorphic taxa; b) with the habitat depth.

Fig. 6. Distribution of recorded habitat depths for 13 spider
species with morphological adaptations to a life in subterranean
habitats. The species are sorted according to increasing maximum
depth recorded for them in our dataset. Species arcronyms are
as follows: WubaUral - Wubanoides uralensis, ComaSimo Comaroma simoni, RugaBell - Rugathodes bellicosus, TheoMinu Theonoe minutissima, BathEuBu - Bathyphantes eumenis buchari,
ImprImpr - Improphantes improbulus, PseuAeni - Pseudomaro
aenigmaticus, PorrProf - Porrhomma profundum, PorrRose Porrhomma rosenhaueri, PorrConv - Porrhomma convexum,
PorrMics - Porrhomma microps, PorrObli - Porrhomma oblitum,
PorrEger - Porrhomma egeria.

Fig. 7. Face of the spider from the genus Porrhomma, frontal view.
a) - P. microphthalmum, basic arrangement and colouring of an
eye area in non-troglomorphic surface dweller, České Budějovice,
maize field, 380 m a.s.l.; b) - P. convexum, Moravian Karst,
Amatérská Cave, 350 m a.s.l., 60 m deep (Fig. 1 D); c) - P. oblitum,
Karlštejn, forest steppe, tree bark, 310 m a.s.l. (Thaler et al., 2003);
d) - P. egeria, Krkonoše Mountains, 1180 m a.s.l., spruce forest;
e) - P. egeria, Moravian Karst, Amatérská Cave, 350 m a.s.l., 60
m deep (Fig. 1 D); f) - P. profundum, Štramberk, Slámova Cave,
410 m a.s.l., 10 m deep; g) - P. microps, Horka nad Moravou,
lowland forest, 220 m a.s.l., in leaf litter and in the soil up to the
depth of 45 cm (Fig. 1A); h) - P. rosenhaueri, Verneřice-Merboltice,
350 m a.s.l., basalt scree (Fig. 1 C); i) - P. rosenhaueri, Horka nad
Moravou, lowland forest, 220 m a.s.l., 35-95 cm deep in the soil
(Fig. 1A). Scale bar = 0.2 mm.
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PorrEger

PorrObli

PorrMics

PorrConv

PorrRose

PorrProf

PseuAeni

ImprImpr

BathEuBu

TheoMinu

RugaBell

ComaSimo

Species

WubaUral

Table 2. A set of troglomorphic/edaphomorphic species caught. The presence of specimens with advanced eye reduction
(posterior median eyes interdistance > 2.0), usual occurrence in surface habitats in the Czech Republic (Buchar & Růžička,
2002), and the presence in four habitats studied. Species acronyms are as in Fig. 6.

Advanced eye reduction
Surface habitats
Soils
Crevices
Scree
Caves

the life and evolution of subterranean spiders, maybe
because the spiders, as good climbers, are better
adapted for colonization of bare stone and rock surfaces
(Růžička et al., 2010).
Generally, the degree of eye regression increases with
phylogenetic age (Culver et al., 1995; Langecker, 2000). If
we suppose that the evolution of initial troglomorphisms
took place during Holocene (Paquin et al., 2009;
Růžička, 2011), the origin of species exhibiting advanced
troglomorphisms must have probably occurred earlier.
Blick & Kreuels (2002) documented numerous
records of microphthalmous Pseudomaro aenigmaticus:
in caves, in open terrain, and also in aeroplankton in
12 m height. That documents that some troglomorphic
spiders may preserve the ability to balloon, and to
disperse. Especially members of the family Linyphiidae
are known as good ballooners. This family is
particularly well represented in the temperate and
cooler regions of the Northern Hemisphere (Jocqué &
Dippenaar-Schoeman, 2006) and contains numerous
troglomorphic taxa (e.g. in genera Porrhomma,
Lepthyphantes, and Troglohyphantes). Porrhomma
cavernicola, occurring in Appalachian caves, is an
example of “exceptionally widespread troglobite”
(Miller 2005).
In Central Europe, Quaternary climatic cycles
influenced all natural processes (Ložek, 1976).
Interglacial periods are characterized by average
annual temperature of 8–12 °C, by precipitation of
700–1000 mm, by development of closed forests, by
intensive karst processes, and by flowstone formation
in caves. Caves are accessible and could be colonized
by spiders, with consequent evolution of troglomorphic
characters. Glacial periods, in their maxima, are
characterized by average annual temperature between
–5 and –3 °C, by precipitation of 100–200 mm, by
development of cold steppe or (at higher altitudes)
tundra vegetation, and by ice formation in caves.
Terrestrial animals cannot survive in caves filled
with ice (Culver & Pipan, 2010). We assume, that the
troglomorphic populations migrated to subsurface
and surface habitats. Vertical migrations of cave
beetles are well known (Polak, 2012). Following that
phenomenon troglomorphisms could have been
introduced into populations inhabiting subsurface
and surface habitats. Troglomorphic spiders could
survived there as they do in present time: such as P.

microps in leaf litter (Miller & Obrtel, 1975), such as
P. oblitum in detritus and under tree bark (Thaler et
al., 2003), such as P. rosenhaueri in scree habitats
(Růžička et al., 2012), such as P. convexum or P. egeria
in various cold and humid habitats, e.g. in mountains.
Especially the scree habitats offer a broad scale of
microhabitats (Růžička, 1990; Růžička et al., 1995;
Zacharda et al., 2007).
Holdhaus (1932) delimited the northern distribution
of blind animals occurring exclusively in caves and
documented it on very extensive material. The line goes
roughly on northern margin of Pyrenees, southern
margin of the Alps, and northern margin of Dinarides.
In the region of long-term stable climate (below
Holdhaus’ line), animals might have continuously
penetrated in deeper and more isolated spaces and
troglomorphisms might have evolved. The contact
between troglomorphic and surface populations could
have been eliminated (surface ancestor can become
extinct or migrate elsewhere) and troglomorphs could
have evolved in a new species (principally different
from surface ancestor) (Fig. 8A). But what about
above Holdhaus’ line, in Central Europe?
We hypothesize that troglomorphic populations of
spiders in Central Europe repeatedly migrated from
caves to subsurface and surface habitats during
glaciations. Troglomorphisms were introduced into
populations living in these habitats. Therefore, in the
present time, advanced troglomorphic characters

Fig. 8. Supposed scheme for the process of colonization of
subterranean spaces and evolution of troglomorphisms (their
intensity indicated by increasing dots density) in long term stable
climate (A) and during glacial cycles (B). After a certain time
period, the (encircled) samples of subterranean and surface
population principly differ in stable climate, but are similar after
several glacial cycles.
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occur in deep caves as well as in surface habitats far
from karst regions (Fig. 8B), and the broad variability
of morphological characters complicates their
taxonomic evaluation. The research of evolution
of troglomorphic spiders in Pleistocene periglacial
zone should take into account multiple glaciations.
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Abstract:
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Two species of the crustacean amphipod genus Niphargus inhabit the sulfidic groundwaters
of the Frasassi caves in central Italy, and both harbor filamentous, sulfide-oxidizing Thiothrix
ectosymbionts. As sulfide is toxic to most aerobic organisms, it appeared possible that the
ectosymbionts could help their Niphargus hosts with detoxification processes. In this study,
mortality due to sulfide was compared between Niphargus individuals with ectosymbionts
and individuals whose ectosymbionts had been killed by antibiotic treatment. Both Frasassidwelling Niphargus species revealed exceptionally high tolerances to sulfide compared to
other amphipod species studied so far. Niphargus individuals without viable ectosymbionts
tolerated sulfide levels exceeding those occurring in Frasassi cave waters. Thus, the
amphipods may employ Thiothrix-independent mechanisms for sulfide resistance.
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INTRODUCTION
The Frasassi caves are located in the Apennine
Mountains of the Marche region in central Italy and
are actively forming by sulfuric acid-driven limestone
dissolution (Galdenzi, 1990). Sulfide in the cave waters
fuels primary productivity by chemoautotrophic
microbes, which supports the food web of the
ecosystem (Sarbu et al., 2000). Sulfide is toxic to most
invertebrates, as it binds to cytochrome c oxidase and
inhibits mitochondrial electron transport (Nicholls,
1975). Nevertheless, crustacean amphipods of the
species Niphargus ictus and Niphargus frasassianus
live in the sulfidic Frasassi cave waters (Flot et al.,
2010). Both species harbor filamentous, sulfideoxidizing Thiothrix ectosymbionts (Dattagupta et al.,
2009; Bauermeister et al., 2012).
A variety of invertebrates living in sulfide-rich marine
habitats employ effective strategies, partially involving
microbial symbionts, to avoid sulfide poisoning
(Cavanaugh et al., 2006; Dubilier et al., 2008). Deep-sea
tubeworms and shallow-water clams host intracellular
endosymbionts that can oxidize hydrogen sulfide to nontoxic sulfur compounds (Anderson et al., 1987; Wilmot
& Vetter, 1990). A sulfide-detoxifying role has further
been proposed for ectosymbiotic bacteria covering the
cuticles of stilbonematid nematodes (Hentschel et al.,
1999) and for those on the gill surfaces of hydrothermal*sdattag@gwdg.de

vent shrimp (Tokuda et al., 2008). On the other hand,
it has been argued that the diffusion rate of sulfide into
the bodies of oligochaete worms and other invertebrates
far exceeds the rate at which it can be oxidized by
their ectosymbionts (Dubilier et al., 1995; Ruehland &
Dubilier, 2010). Thus, whether or not sulfur-oxidizing
ectosymbionts can assist their hosts in preventing
sulfide poisoning remains debated.
In the case of Frasassi-dwelling Niphargus, Thiothrix
ectosymbionts are located on the walking legs of the
animals, which are close to the amphipod gills (Bousfield,
1978). It is thus conceivable that the ectosymbionts
might diminish sulfide diffusion into the amphipods’
bodies (Dattagupta et al., 2009). The aim of the present
study was to determine whether ectosymbionts of N.
ictus and N. frasassianus increase the sulfide tolerances
of their hosts. For this purpose, we treated individuals
of both Niphargus species with antibiotics to kill their
ectosymbionts and subsequently exposed Thiothrixhosting and Thiothrix-lacking Niphargus to cave water
whose sulfide content was gradually increased until
lethal concentrations were reached.

MATERIALS & METHODS
In July 2010, 24 N. ictus and 24 N. frasassianus
individuals were collected from the Frasassi cave
lake Lago Verde and from the turbulent cave stream
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Sorgente del Tunnel, respectively (for a map of the
Frasassi caves, please refer to Bauermeister et al.,
2012). Animals were caught using small fishing nets
and forceps, as appropriate, and transferred into
polypropylene bottles filled with cave water from the
respective sampling site. Additionally, non-sulfidic
water was collected from the Frasassi cave pool Il
Bugianardo (BG). Niphargus individuals and cave
water samples were kept at ambient cave temperature
during transfer to the laboratory.
The experiment was conducted at the Osservatorio
Geologico di Coldigioco field station in Frontale
di Apiro, in a basement room which typically has
ambient temperatures of 13-22 °C. Three of the 24 N.
ictus individuals died during transfer, so experiments
were conducted with only one instead of four N. ictus
control individuals (details below). An antibiotic
solution (12.5 mg/L) was prepared from streptomycin
sulfate (Roth, Karlsruhe, Germany) dissolved in filtersterilized BG cave water. Eleven of the 21 N. ictus
and 14 of the 24 N. frasassianus individuals were
incubated in the solution for 24 h in order to kill their
Thiothrix ectosymbionts. Streptomycin was chosen
as the antibiotic agent due to its high effectiveness
against Thiothrix as demonstrated in a previous
study (Williams & Unz, 1985). After the antibiotic
treatment, Niphargus individuals were immersed in
filter-sterilized BG cave water to wash off any excess
streptomycin.
Five beakers, hereafter referred to as B1-B5, were filled
with a layer of autoclaved limestone gravel covered by
500 mL BG cave water (sterilized by filtration through
0.2-micron membranes). Antibiotically treated and
non-treated Niphargus were divided into B1-B5 as
shown in Fig. 1. Antibiotically treated N. ictus (N=1)
and N. frasassianus (N=4) individuals in B5 served
as control animals to check whether the streptomycin
treatment or other experimental parameters would
cause mortality in the absence of sulfide.
A sulfide stock solution (SSS) was prepared from
60 mg of sodium sulfide nonahydrate (Na2S · 9H2O;
SIGMA-ALDRICH, Steinheim, Germany) dissolved in
45 mL of filter-sterilized BG cave water. Starting one
hour after placing the animals in the beakers, a sterile
pipette was used to add several milliliters of SSS to
B1-B4 at approximately hourly intervals for 13 hours
(12 additions in total). The pipette tip was dipped into
the water and slowly stirred while releasing the SSS
to ensure uniform mixing and prevent rapid oxidation
of the sulfide by oxygen (Chen & Morris, 1972). The

same volume of filter-sterilized, non-sulfidic BG cave
water was added in a similar manner to B5, serving
as control treatment. The number of living Niphargus
in the beakers was determined before each addition of
SSS. Dissolved sulfide concentrations in the waters
were measured with a DR 2800 spectrophotometer
using the methylene blue method (HACH LANGE,
Düsseldorf, Germany) approximately 15 min after each
addition of SSS. Simultaneously, dissolved oxygen,
pH, and temperature in the waters were determined
using HQ40d multimeter sensors (HACH LANGE).
After the third addition of SSS, increasing pH-values
of the incubation waters were repeatedly adjusted
to ~8 by addition of a few drops of concentrated
hydrochloric acid (Table 1).
After completion of the experiment, six antibiotically
treated and five non-treated Niphargus individuals
were prepared for examination using scanning electron
microscopy (SEM). The specimens were transferred
into individual vials filled with 2.5% glutaraldehyde
solution (SIGMA-ALDRICH) made in filter-sterilized
BG cave water. They were later sequentially dehydrated
in ethanol concentrations from 30% to 90%, with a
final dehydration in hexamethyldisilazane (SIGMAALDRICH) for 5-10 min. The samples were mounted on
carbon-coated aluminum sample holders, sputtered
with gold-palladium (11 nm thickness), and examined
with a LEO 1530 GEMINI field emission SEM (Zeiss,
Göttingen, Germany).
Both N. ictus and N. frasassianus are reported to be
endemic to the Frasassi cave ecosystem (Karaman,
1986; Karaman et al., 2010). Due to concerns about
threatening their potentially delicate populations, we
used a limited number of individuals of each species
for our experiment. This precluded replication of the
various treatments and statistical analyses of our data.

RESULTS & DISCUSSION
SEM revealed that non-treated Niphargus individuals
harbored numerous intact Thiothrix filaments,
whereas animals treated with streptomycin prior to
the experiment featured empty filament sheaths or
remnants of Thiothrix holdfasts still attached to their
exoskeletons (Fig. 2). These observations confirmed
the effective killing of Thiothrix ectosymbionts by the
antibiotic treatment. Temperatures in the incubation
waters ranged between 20 and 22 °C, which is 7-9 °C
above Frasassi cave water temperatures (Macalady
et al., 2006). However, all control animals in B5

Fig. 1. Experimental set-up of this study.
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Table 1. Overview of the results of the sulfide exposure experiment. Full-length vertical lines indicate time points of sulfide addition.

Beaker B1
N. ictus
non-treated
Beaker B2
N. ictus
antibiotically
treated
Beaker B3
N. frasassianus
non-treated

Beaker B4
N. frasassianus
antibiotically treated

Beaker B5
control animals
antibiotically
treated

Time [h:min]

0:00

1:00

2:15

4:00

5:30

6:45

7:45

8:45

9:45

10:45

12:30

13:15

14:00

Sulfide [mM]

0.0

0.3

1.1

0.6

0.5

1.0

2.1

3.4

2.5

3.9

7.4

7.4

14.3

Oxygen [µM]

236

231

201

134

100

80

63

13

85

14

7

32

22

Number of animals alive

10

10

10

10

10

10

10

10

10

10

10

10

3

Sulfide [mM]

0.0

0.1

0.3

0.5

0.5

1.1

1.7

4.2

3.6

5.9

9.2

12.0

16.3

Oxygen [µM]

236

227

214

158

133

108

82

29

45

17

7

14

6

Number of animals alive

10

10

10

10

10

10

10

9

8

8

8

7

0

Sulfide [mM]

0.0

0.3

0.5

0.5

0.6

1.0

2.0

3.9

4.4

6.6

11.1

9.8

13.0

Oxygen [µM]

236

224

195

143

117

94

58

14

16

20

47

52

13

Number of animals alive

10

10

10

10

10

10

10

10

10

10

10

10

0

Sulfide [mM]

0.0

0.2

0.4

0.5

0.5

0.9

1.5

3.2

3.7

5.5

7.4

11.5

11.4

Oxygen [µM]

236

234

195

135

112

82

64

32

33

19

10

12

9

Number of animals alive

10

10

10

10

10

10

10

10

10

10

10

6

2

Sulfide [mM]

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Oxygen [µM]

236

254

254

235

252

249

247

246

247

242

239

238

237

Number of animals alive
(N. ictus + N. frasassianus)

1+4

1+4

1+4

1+4

1+4

1+4

1+4

1+4

1+4

1+4

1+4

1+4

1+4

survived the entire experiment (Table 1), implying that
temperature did not play a defining role in mortality.
All antibiotically treated N. ictus and N. frasassianus
individuals survived sulfide concentrations of 1.7 mM
and 1.5 mM, respectively (Table 1). These concentrations
are more than three times as high as those measured in
Frasassi cave waters (0.1 to 0.5 mM sulfide; Galdenzi
et al., 2008). Thus, the Thiothrix ectosymbionts of N.
ictus and N. frasassianus are probably not essential
for preventing sulfide poisoning of their hosts in the

cave waters. At sulfide levels between 3 and 7 mM, we
observed that two antibiotically treated N. ictus died,
whereas all untreated individuals survived (Table 1).
Although we cannot rule out that the ectosymbionts
provided a survival advantage at these high sulfide levels,
it is perhaps more likely that the antibiotic treatment
weakened the Niphargus, making them less resistant to
high sulfide and/or low oxygen concentrations.
Amphipods generally have low sulfide tolerances
(Theede et al., 1969; Oseid & Smith, 1974; Sandberg-

Fig. 2. Scanning electron micrographs of intact filaments and remnants of Thiothrix ectosymbionts on Niphargus. Panels A and B: Intact ectosymbiotic
Thiothrix filaments on Niphargus (images are of Niphargus individuals not subjected to the sulfide experiment). Panels C and D: Empty Thiothrix
sheaths and holdfasts on Niphargus individuals treated with streptomycin solution.
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Abstract:

The goal of this study was to determine whether actinomycetes isolated from a volcanic
cave in western Canada could produce novel antimicrobial compounds against six multidrugresistant pathogens when exposed to UV light. One hundred and seventy-six actinomycete
strains isolated from Helmcken Falls Cave, Wells Gray Provincial Park, BC, were screened
against six pathogens using the “plug assay” in UV light and no light conditions. Of the 176
strains tested, 100 or 57% of the cave actinomycete strains had antimicrobial activities
against the pathogens in 124 different instances: 35 instances when exposed to UV and
no light, 30 when exposed to UV light, and 59 instances when exposed to no light. The
metabolites of six actinomycete strains also lost their antimicrobial activities when exposed
to UV light. While the metabolites produced by these strains have yet to be determined,
exposure to lighted environments may either deactivate or enhance the antimicrobial activities
of cave actinomycete strains. This study represents a confirmation that cave actinomycetes
are potential sources of novel antimicrobial compounds and also is the first report of the
enhancement of antimicrobial activities of some cave bacteria by exposure to UV light. Further
investigation of the role of UV light with respect to activation/deactivation of antimicrobial
activities of cave actinomycetes is required.
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INTRODUCTION
Antibiotic resistance continues to pose a significant
threat to the clinical and pharmaceutical world. Many
common hospital pathogens are becoming multi-drug
resistant and are unable to be treated with many -if
any- of the commercially available antibiotics (Davies
& Davies, 2010). Multi-drug resistant microorganisms
are a significant problem as they are a leading cause
of human death worldwide (Selvameenal et al., 2009)
and antibiotics are still currently the only effective way
to treat infectious microbial diseases. Thus, the need
for novel antimicrobial compounds is greater now than
ever before. Fortunately, filamentous, Gram-positive
bacteria known as the actinomycetes-particularly
the Streptomyces species- produce antimicrobials
in nature and have been the largest source of new
antibiotic drug candidates and leading molecules
to date (Genilloud et al., 2011). Out of the 22,500
secondary metabolites with antimicrobial activities
that have been found in studies, 10,100 (or 45%)
have been produced by actinomycetes (Selvameenal
*ncheeptham@tru.ca

et al., 2009). In particular, actinomycetes from
less-explored habitats show exceptional promise to
produce novel antimicrobial compounds (Genilloud et
al., 2011). This was already anticipated by Groth et
al. (1999) in a study on the Spanish caves of Altamira
and Tito Bustillo. For instance, a new antimicrobialproducing
actinomycete
strain,
Streptomyces
tendae HKI 0179, was isolated from the ancient
cave Grotta dei Cervi in Italy by Groth et al. (2001).
Streptomyces tendae HKI 0179 produced novel forms
of antimicrobials called cervimycins (Herold et al.,
2005) which showed high levels of antimicrobial
activities against the pathogens Bacillus subtilis,
multi-drug resistant Staphylococcus aureus (MRSA),
and vancomycin-resistant Enterococcus faecalis (VRE)
1528. These antimicrobials were as effective as those
such as vancomycin, tetracycline, and ciprofloxacin
that are currently used to treat infections caused
by these organisms. A recent study by Rajput et
al. also discovered several Streptomyces strains
(Streptomyces prasinosporus KCA strains 3, 8, and
22, Streptomyces aurantiacus KCA6, Streptomyces
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roseus KCA13, Streptomyces longiosporoflavus
KCA18, and Streptomyces luridus KCA23) isolated
from the Kotsumar Cave in India that produced
significant antimicrobial activities against the three
drug-resistant human pathogens Pseudomonas
aeruginosa, Escherichia coli, and Staphylococcus
aureus (Rajput et al., 2012). Overall, these studies
show that natural antimicrobial compounds produced
by cave actinomycetes are strong contenders for the
new antimicrobials that are needed to ease the multidrug resistance problem.
Previous studies have shown an increasing number
of fungal and plant natural products that have lightmediated activities against fungi, insects, bacteria,
viruses, and cells (Towers et al., 1997). A study carried
out by Hudson and colleagues in 2000, for example,
tested the antiviral activities of seven species of African
medicinal plant extracts that were exposed to longwave UV light (UVA, which has a wavelength of 315400 nm) and fluorescent light (visible light, which has
a wavelength of 185-254 nm) against the type 1 herpes
simplex virus (Hudson et al., 2000). The plant extracts
showed the most antiviral activities against the virus
when the extracts were exposed to light, particularly
UVA light. Similarly, Cheeptham and Towers studied
the light-mediated activities of a wide variety of Thai
medicinal plant tea extracts in 2002 (Cheeptham &
Towers, 2002). They too demonstrated the remarkable
ability of plant extracts to produce antimicrobial and
antifungal compounds against an array of bacterial
and fungal pathogens when subjected to UV light
(from 5 W/m2, 320-400 nm Sylvanian F20T12-BLB
lamps). Thus, investigation as to whether UV light
can stimulate the metabolites of cave actinomycetes
to produce antimicrobial activities for a potentially
wider and more specific therapeutic use would be of
great benefit.

MATERIALS AND METHODS
Organisms and growth conditions
Growth of the cave actinomycete strains
One hundred and seventy-six cave actinomycete
strains of over 400 strains previously isolated from
Wells Gray Provincial Park in Clearwater, BC, Canada
were primarily subcultured onto 25-30 mL Hickey
Tresner (HT) agar plates (10 g/L dextrin, 1 g/L yeast
extract, 1 g/L beef extract, 2 g/L N-Z Amine Type
A, 15 g/L agar, pH 7.3) using the confluent-streak
technique. The plates were incubated at 25°C for 7
to 10 days. For the strains that did not grow well,
a “plug” of each strain was transferred -using the
open end of a 20-200 µL pipette tip (sterile)- from its
original stock plate to a fermentation tube (13x100
mm size) with six mL of HT broth. The tubes were
then placed in a 25°C shaker for approximately 7
to 10 days to obtain uniform growth. Each of the
isolates was confluent-streaked onto HT agar plates
using sterile polyester tipped applicators (swabs) and
was then incubated at 25oC for 7 to 10 days. These
plates were then used as the origin of the plugs for
the bioassay.

Growth of the pathogens
The six pathogen strains used in this project include:
Mycobacterium smegmatis strain JVC1213 (MC2155),
Extended Spectrum β-Lactamase (ESBL)-producing
Escherichia coli strain 1841 JVC1195, Micrococcus
luteus, Multi-Drug Resistant Staphylococcus aureus,
Acinetobacter baumannii strain 14394, and Candida
albicans (Table 1). The pathogens were provided
by Dr. Julian Davies from the University of British
Columbia (UBC), in Vancouver, BC and Dr. Gwen
Stephens from the Department of Pathology at the
Royal Inland Hospital (RIH), in Kamloops, BC.
To culture the pathogens, a loopful or bead (if taken
from the -80oC freezer) of each pathogen was placed
into 40 mL of liquid broth medium that is known to
encourage the growth of each strain (Table 1). The
flask was then incubated at either 35°C or 25°C (for
Candida albicans) on an orbital shaker at 200 rpm.
Optical density readings of each pathogen at 600 nm
wavelength were recorded and matched with the 0.5
McFarland standard for logarithmic growth. 0.5% of
each pathogen was then transferred to the molten
agar prepared for the bioassay as described below.
Conventional Agar Plug Assay
To screen for antimicrobial activity of the
metabolites of the cave actinomycetes against the six
multi-drug resistant pathogens, a series of seeded
bioassay plates were prepared using the conventional
agar plug assay (Murakami et al., 1986) also known
as the agar plug method. Each of the six pathogens
was grown separately in liquid medium as described
above. Then, 0.5% (v/v) (1.25 mL) of each pathogen at
log phase was added to two 250 mL flasks of molten
nutrient agar (potato-dextrose-agar in the case of
Candida albicans) which were kept warm in a 55°C
water bath. The agar was then poured into two 25
by 25 mm square bioassay plates. After solidification,
agar plugs of the cave actinomycete strains (these cave
actinomycetes had already been cultured for 7 to 10
days prior to this step to ensure secondary metabolite
production) were transferred onto each of the two
identical bioassay plates in the same pattern using
the open ends of sterile 20-200 µL pipette tips (Fig. 1).
A disk impregnated with sterile water was also added
to each of the plates as a negative control, while a disk
Table 1. Six antimicrobial-resistant pathogens used in this study.
Medium
Used

Gram
Reaction

OD600
Values
at Log
Phase

Approximate
Time Required
to Reach Log
Phase (hrs)

N.E.

+

0.7

82

L.B.

-

0.6

6

Micrococcus luteus

N.B.

+

0.6

12

MDR-S. aureus

L.B.

+

0.5

5

Acinetobacter
baumannii
strain 14394

N.B.

-

0.6

12

Candida albicans

Y.M.

mold (yeast)

0.7

24

Drug- Resistant
Pathogen
Mycobacterium
smegmatis strain
JVC1213 (MC2155)
ESBL-producing
Escherichia coli strain
1841 JVC1195

The medium that each pathogen was grown in, the pathogen’s Gram
reaction and optical density value (OD600) at log phase, and the
approximate amount of time required to reach the pathogen’s log
phase (hrs) is also given.
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soaked with 3 or 5 mg of 8-methoxypsoralen (8-MOP;
a common substance that is light-reactive and can
be used to show antimicrobial activity) in one mL of
methanol was added to each plate as a UV indicator
(or light-activated activity positive control).
Subsequently, one of the assay plates was subjected
to one hour of UV light (254 nm) in the Labconco Flow
Hood with its lid open, while the other plate received
no UV light treatment and sat in the dark lab for an
hour. Afterwards, the lid was placed back on the UV
light plate and both the UV and no light plate were
incubated overnight at 35°C (25° for C. albicans) in
the dark lab. Any inhibitory zones and their diameters
were measured and recorded after the incubation
period. The positive controls for antimicrobial activity
used in this study varied depending on the pathogens
used in the assay plates (Table 2).

RESULTS
Of the 176 strains tested, the metabolites of
57% or 100 of the cave actinomycete strains had
antimicrobial activities against the six pathogens
tested in 124 different instances. In 35 instances the
metabolites had antimicrobial activities in both UV
and no light, in 30 instances they had antimicrobial
activities in UV light, and in the remaining 59
instances they had antimicrobial activities in no light
(Fig. 2, Table 3).
Notably, no single cave actinomycete isolate produced
metabolites with antimicrobial activities against
all six of the pathogens. Strain E9’s metabolites,
however, produced antimicrobial activities against all
of the pathogens except for Candida albicans (Table
4). The metabolites of cave actinomycete strain 100
showed the greatest antimicrobial activities of all of
the metabolites, producing a zone of inhibition 27
mm in diameter against Candida albicans in UV light
conditions (Table 4). Conversely, E25’s metabolites
showed the least antimicrobial activities of all of the

Pathogen

Antibiotic Disk Used as a Positive Control

Mycobacterium smegmatis JVC 1213
(MC2155)

SXT (sulfamethoxazole- 23.75 µg, and
trimethoprim- 1.25 µg)

ESBL-producing Escherichia coli
strain 1841 JVC1195

CFP (cefoperazone- 75 µg)

Micrococcus luteus

TET (tetracycline- 30 µg)

MDR-S.aureus

TET (tetracycline- 30 µg)

Acinetobacter baumannii strain 14394

CAZ (ceftazidime -30 µg)

Candida albicans

N/A – antifungal (nystatin- 20 µg)

Table 3. The number of cave actinomycete strains’ metabolites that
had antimicrobial activities against the six drug-resistant pathogens in
different conditions.
Conditions
Pathogen

UV light

Non-UV

Both

Total

M. luteus

2

7

4

13

MDR-S. aureus

1

2

1

4

M. smegmatis

11

28

10

49

ESBL- producing- E. coli

0

3

0

3

A. baumannii

0

6

3

9

C. albicans

16

13

17

46

Total

30

59

35

124

The pathogens that were most susceptible to the metabolites of the
cave actinomycetes are shaded. The total number of metabolites
that had antimicrobial activities against the pathogens in each of the
different conditions is also given.

metabolites, producing not much more than a six mm
zone of inhibition against ESBL-producing Escherichia
coli in no light conditions. Also, it seems that
Mycobacterium smegmatis and Candida albicans were
the most susceptible pathogens to the antimicrobial
activities of the cave actinomycetes’ metabolites in
this study. The metabolites of 49 cave actinomycete
strains produced antimicrobial activities against
Mycobacterium smegmatis, while the metabolites of
46 strains produced antimicrobial activities against
Candida albicans (Table 4). The metabolites of six
cave actinomycete strains lost their antimicrobial
activities when they were exposed to one hour of UV
light, as well (Table 5). The identification of the six
cave actinomycetes by 16S rRNA sequencing is shown
in Table 6.

Number of actinomycete strains'
metabolites activated

30

The number of cave actinomycete strains' metabolites that
were activated against the drug-resistant pathogens in
different conditions

25

UV light

20

No UV
Both

15
10
5
0

Fig. 1. An example of a seeded plate prepared using the “plug assay”
to assess the antimicrobial activities of the cave actinomycete strains’
metabolites against the antimicrobial-resistant pathogen Micrococcus
luteus when the metabolites were exposed to UV light. The diameters
of the dark, inhibitory zones that encircle the actinomycete plugs were
measured to assess the antimicrobial activities of the metabolites.

149

Table 2. Positive controls against the six antimicrobial-resistant
pathogens used in this study.

M. luteus

MDR- S.
aureus

M. smegmatis ESBL-E. coli A. baumannii C. albicans

Pathogen

Fig. 2. The number of cave actinomycete strains’ metabolites that had
antimicrobial activities against the six drug-resistant pathogens in UV
light, no light, and both UV light and no light conditions.
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Table 4. The antimicrobial activities of the metabolites of cave
actinomycete strains E9, PM100 and E25 against the six
antimicrobial-resistant pathogens used in this project. The diameters
of the zones of inhibition produced by the metabolites are given in
millimetres (mm). The shaded boxes highlight the metabolites that
had antimicrobial activities in UV light conditions.
Pathogen
Actinomycete
strain

M.
luteus

MDRS.aureus

M.
smegmatis

ESBL
E. coli

A.
baumannii

C.
albicans

E9

16

13

20

7

13

0

E9

12

9.5

0

0

0

0

100

0

0

9

0

0

27

E25

12

13.5

0

6

0

0

E25

11

0

0

0

0

0

DISCUSSION
Based on the results observed from the agar plug
assay tested in our study, cave actinomycetes have the
potential to produce antimicrobial compounds that
are needed to help combat the antibiotic resistance
phenomenon. In particular, the antimicrobial
compounds produced by strain E9 in our study
were effective against many different pathogens and
may have the potential to be developed into broadspectrum antibiotics in the future. However, the
chemical composition and modes of action of the
antimicrobials produced in our study have yet to be
determined by isolating the metabolites with highperformance liquid chromatography and examining
their structures with mass spectrometry and nuclear
magnetic resonance spectroscopy, as suggested by a
previous study (Herold et al., 2005). The media used
for antimicrobial production in the current study also
need to be optimized in order to obtain the highest
yield of metabolites as possible (only HT agar was
Table 5. The metabolites of six cave actinomycete strains that lost their
antimicrobial activities under UV light exposure. The diameters of the
zones of inhibition produced by the metabolites on the seeded plates are
given in millimetres (mm). Shaded bars represent non-UV light conditions
while the white bars represent UV light conditions. The outlined boxes
highlight the instances where the metabolites of the cave actinomycete
strains lost their antimicrobial activities in UV light conditions.
Pathogen
Actinomycete
Strain

M.
luteus

MDRS.aureus

M.
smegmatis

ESBLE.coli

A.
baumannii

C.
albicans

0

0

19

0

19

10

-

-

17

-

17

-

NC-18

15

7

0

0

12

0

NC-18

12

-

-

-

-

0

NC-39

8

0

13

0

0

10

PM 106
(DR031)
PM 106
(DR031)

NC-39

-

-

19

-

-

26.5

E9

16

13

20

7

13

0

E9

12

9.5

-

-

-

0

E25

12

13.5

0

6

0

0

E25

11

-

-

-

-

0

unknown 9

11

0

8

0

0

0

unknown 9

11

-

-

-

-

0

Table 6. Identification of some cave actinomycetes by 16S rRNA
sequencing (Cheeptham et al., 2013).
Actinomycete
strain

Species (Identified by 16S rRNA
sequencing)

% similarity

Accession #

PM 106

Streptomyces microflavus

99

JQ422124

NC-18

Streptomyces coelescens

99

JQ422176

NC-39

Streptomyces phaechromogenes
NRRL1248

99

JQ422177

E9

Streptomyces durmitorensis

99

JQ422178

E25

Streptomyces sp. 82293

99

JQ422179

SK119

Erwinia sp.

99

JQ422180

Unknown 9

Not sequenced

N/A

N/A

used).
Regardless, the metabolites produced by
the cave actinomycete strains in this preliminary
study appear to be fairly effective antimicrobial and
antifungal agents against Mycobacterium smegmatis
(which is a model organism for the tuberculosis drug
search) and Candida albicans in particular, and may
have valuable clinical applications in the future.
The percentage of cave actinomycete strains that
produced antimicrobials against the pathogens in
our project is comparable to the percentage of cave
Streptomyces strains that produced antimicrobials
against the pathogens in another recent study (Yücel &
Yamaç, 2010). These authors tested 290 Streptomyces
strains isolated from several caves in Turkey for their
antimicrobial activities against MRSA, VRE, and
Acinetobacter baumannii. They found that 62% or 180
out of 290 strains produced antimicrobial activities
against these pathogens in the primary screening
process, which is similar to the 57% or 100 out of
176 actinomycete strains that produced antimicrobial
activities against the pathogens in our project.
Conversely, the percentage of cave actinomycete
strains that produced antimicrobials against the
pathogens in our project is high compared to a
study conducted by Montano & Henderson in 2012
to determine the effects of nutrient level and human
visitation on the antimicrobial activity of cave bacteria
from three carbonate caves in Carlsbad Caverns
National Park, New Mexico, USA. In this study, 21.1%
of the isolates taken from the Backcountry Cave,
19.8% of the isolates taken from the Spider Cave, and
8.62% of the isolates derived from the Fort Stanton
Cave showed antimicrobial activity against at least one
of the five target bacterial pathogens tested against in
the experiment (Staphylococcus aureus (ATCC 6538),
Klebsiella pneumoniae (ATCC 13883), Proteus vulgaris
(ATCC 13315), Shigella flexneri (ATCC 9199), and
Streptococcus pneumoniae (ATCC 6303), compared to
the 57% of cave actinomycete strains that produced
antimicrobial activity against the pathogens in our
project. On the other hand, a second study conducted
by Montano and Henderson in 2012 to examine the
effects of a lack of nutrients and cave depth on the
antimicrobial activity of cave bacteria from three
carbonate caves in Carlsbad Caverns National Park,
New Mexico, USA, showed more comparable results
to our study. In this study, 66% of the isolates in the
Left Hand Tunnel passage in Carlsbad Caverns, 24%
of the isolates in Spider Cave, 24% of the isolates
in Backcountry Cave, and 40% of the isolates in
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Lechuguilla Cave had antimicrobial activity against at
least one of the five pathogens listed in Montano &
Henderson’s first study above.
Similarly, numerous recent studies have also
isolated novel Streptomyces strains from cave and
desert soils that produced antimicrobial compounds
against a variety of drug-resistant pathogens. For
instance, earlier this year, Rajput and colleagues
discovered seven novel streptomycete strains isolated
from the Kotsumar Cave in India that had varying
antimicrobial activities against Staphylococcus
aureus MTCC 96, Escherichia coli MTCC 1667, and
Pseudomonas aeruginosa JNMC (Rajput et al., 2012).
Likewise, in 2005, Herold and colleagues discovered
that the novel Streptomyces tendae strain HKI 0179
isolated from an ancient cave in Italy Grotta dei Cervi
produced antimicrobial activities against Bacillus
subtilis ATCC 6633, Staphylococcus aureus SG511,
Staphylococcus aureus 134/93, vancomycin-resistant
Enterococcus faecalis 1528 and efflux-resistant
Staphylococcus aureus EfS4 (Herold et al., 2005). As
well, in 2009, Selvameenal and colleagues showed
that the novel Streptomyces hygroscopicus subsp.
ossamyceticus strain D10 isolated from desert soil
in Rajasthan, northwest India produced a range
of antimicrobial activities against Staphylococcus
aureus, vancomycin-resistant Staphylococcus aureus,
extended spectrum β-lactamase (ESBL)-producing
Escherichia coli and Klebsiella sp. (Selvameenal et al.,
2009). Based on the results of these studies and the
results of this project, the future of isolating novel
antimicrobial-producing bacterial strains from lessexplored habitats such as caves is promisingly bright.
The effects of UV light on the antimicrobial
activities of cave actinomycete metabolites in our
study are preliminary and must continue to be
investigated in the future. Previous studies have
shown that some plant metabolites are able to be
photoactivated against a number of pathogens
with exposure to UV light (Towers et al., 1999;
Cheeptham & Towers, 2002; Hudson et al., 2002).
In addition, a study carried out by Matias et al.
in 2010 identified several Brazilian medical plant
extracts whose antimicrobial activities against
Staphylococcus aureus were enhanced when the
extracts were exposed to two hours of UV light (5
W/m2, 320-400 nm from four Sylvania F20T12-BLB
lamps, maximum emission at 350 nm- Matias et al.,
2010). Similarly, in 2002, Rajakaruna and colleagues
tested the antimicrobial activities of the extracts
of 32 species of Sri Lankan plants against seven
pathogens (MRSA, Bacillus subtilis, Enterobacter
faecalis, Escherichia coli, Pseudomonas aeruginosa
H187 (wild type), Mycobacterium phlei, and Candida
albicans) when the extracts were subjected to
45 minutes of long wave UV light (Sylvania,
F20T12/BLB, 20W, four bulbs – Rajakaruna et
al., 2002). Ten extracts showed light-activated
antimicrobial activities against six of the pathogens.
Antimicrobial activity was enhanced with UV light
exposure against Staphylococcus aureus, Bacillus
subtilis, and Pseudomonas aeruginosa. However,
the antimicrobial activity levels of the extracts

151

remained the same for Enterobacter faecalis and
Mycobacterium phlei when the extracts were exposed
to UV light and no light conditions and no extract
had light-mediated antimicrobial activities against
Escherichia coli. Conversely, to our knowledge, no
previous study has looked at the effects of UV light
on the deactivation/activation of the antimicrobial
activities of bacterial metabolites from cave
actinomycetes. Photoactivation of metabolites by
UV light may act as a novel source of drug discovery
and more specifically, narrow spectrum antibiotics.
Future work should also examine the effects of
UV light exposure on the cave actinomycete strains
and pathogens that were used in this project. These
microorganisms were also exposed to UV light
during our project which may have had significant
implications on the results obtained from our study.
Short wave UV light exposure is known to cause
extensive damage and mutations to arise in bacterial
DNA (Snider et al., 2009). It triggers the formation
of pyrimidine dimers that alter the structures of
the nucleic acids and prevents DNA polymerase
from replicating bacterial DNA (Farrell et al.,
2009). However, some bacteria possess DNA repair
mechanisms such as excision repair, post replication
repair (Snider et al., 2009), SOS-repair (Chapple et
al., 1992), and photoreactivation (Sayed 2011), which
allow them to repair DNA damage caused by UV
radiation exposure.
A study carried out by Farrell and colleagues in 2009
looked at the effects of pulsed light rich in UV-C waves
(200-280 nm) on the inactivation of clinical pathogens
such as Staphylococcus aureus, Enterococcus faecium,
Acinetobacter baumannii, Escherichia coli and
Pseudomonas aeruginosa (Farrell et al., 2009). One
pulse per second of pulsed light was administered
and the amount of light pulses given varied from
0 to 60. The distance of the light source from the
pathogens ranged from 8-20 cm. Overall, the levels of
each of the pathogens were reduced by approximately
7 log10 CFU cm-2 with exposure to the pulsed light.
Greater inactivation occurred as the intensity of the
light source and the number of pulses increased, and
as the distance of the pathogen plates from the light
source decreased. Thus, it is possible that the levels of
the pathogens used in our project may have decreased
with UV light exposure as described by these studies.
Future aspects for our next study should explore
this possibility, along with the effects of different UV
exposure times on the pathogens used in the current
study, as all plates were previously exposed to one
hour of UV light.
Similarly, the response of cave bacteria to UV light
was previously measured in a study conducted by
Northup et al. (2004). In this study, bacterial cultures
from Four Windows Cave, a lava tube in New Mexico,
USA, were tested for their sensitivity to a 100 and 50
second dosage of UV light. All of the strains tested
showed varying sensitivity to the 100 second dose of
UV light, while all but four strains were sensitive to
the 50 second dose of UV light. The bacterial strains
taken from inside the cave were also more sensitive
to UV light than the bacterial strains taken from the
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surface of the cave. These results suggest that cave
bacteria lose their resistance to UV light as part of an
evolutionary adaptation to living in a dark environment.
Accordingly, Snider et al. (2009) conducted a study
demonstrating that bacteria from Left Hand Tunnel
in Carlsbad Caverns, New Mexico, USA had a reduced
ability to survive damage caused by UV light exposure.
However, actinomycetes from the Left Hand Tunnel
of the Carlsbad Caverns experience a great deal of
human interaction, making these bacteria less like
true cave-adapted strains. Regardless, it is possible
that exposing cave microorganisms that traditionally
live in the dark to new, lighted environments
may stimulate the antimicrobial activities of their
metabolites without having any serious consequences
on their cells. However, given the results of these
studies, future work must examine the effects of UV
light on the cave actinomycetes used in our study.
It is possible that this study may also be improved
by slightly modifying the way that the plug assay is
carried out. For example, shortening the UV exposure
time and exposing the cave actinomycete HT agar
plates to UV light before taking plugs of the strains
may prevent the pathogens from being exposed to
UV light and from potentially influencing the results
of the assay. Additionally, culturing each of the
cave actinomycete isolates in fermentation broth,
transferring the metabolites in the broth onto sterile
paper disks, and exposing these impregnated paper
disks separately to UV may help us better understand
the effects of UV exposure on the metabolites. Overall,
however, our study serves as an important pilot study
for future work regarding the effects of UV light on
the antimicrobial activities of cave actinomycete
metabolites. It is vital that future studies continue
to
search
for
novel
antimicrobial-producing
actinomycete strains in less-explored habitats like
caves and continue to test the effects of UV light
on the antimicrobial activities of cave actinomycete
metabolites in order to help combat the ever-increasing
phenomenon of antimicrobial resistance.
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Abstract:

Keywords:

Climate records based upon instrumental data such as rainfall measurements are usually
only available for approximately the last 150 years at most. To fully investigate decadal-scale
climate variation, however, these records must be extended by the use of climate proxies.
Soda-straw stalactites (straws) are a previously under-utilised potential source of such data.
In this contribution we investigate the structure and formation of straws and look at some
issues that may affect the reliability of straw-based palaeoclimate records. We use laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) trace element analysis
to document surface contamination features that have the potential to obscure annual trace
element variations, and develop a method to reveal the underlying layering. We also use LAICP-MS to map the two-dimensional trace element distribution in straws. These maps reveal
straw-layer geometry, in which layers are widest at the outside edge of the straw, narrowing
and becoming almost parallel on the interior of the straw.
Based upon these observations, we present a model for the formation of straws of this type,
where rapid degassing of CO2 from the drip extending below the straw forms the wider outer
layers. Summers are defined by increased layer widths and higher trace element contents
relative to winter layers. In palaeoclimate studies, where such annual variations can be used
to construct time-lines, we suggest that, ideally, the outside surface of the straw be analysed
where the trace element content difference is greatest and layering is widest.
The terminal phase of one straw (FC-02) shows decreasing layer widths and increased trace
element contents. These features may also be representative of soda-straw responses to
drought-induced decreases in percolation water.
soda-straw stalactites; palaeoclimate; contamination
Received 20 January 2013; Revised 23 April 2013; Accepted 16 May 2013

Citation:

Paul B., Drysdale R., Green H., Woodhead J., Hellstrom J. and Eberhard R., 2013. A model
for the formation of layered soda-straw stalactites. International Journal of Speleology, 42
(2), 155-160. Tampa, FL (USA) ISSN 0392-6672 http://dx.doi.org/10.5038/1827-806X.42.2.8

INTRODUCTION
Determining the possible future ramifications of
climate change requires a robust documentation of
climate variability at a range of scales. Longer-term
droughts, such as “The Big Dry” recently experienced
in southeastern Australia (Gergis et al., 2011), are
decadal phenomena and require longer-term climate
records to place their magnitude into the wider context
of natural climate variability. In Australia, detailed
instrumental climate records extend only ~100
years (up to 150 years in some areas) (Nicholls et al.,
2006), and beyond this, climate scientists typically
rely on climate proxies, such as those derived from
tree-ring measurements, to extend records further
back in time. There are a number of different climate
proxies available and each has its own advantages
*bpaul@unimelb.edu.au, jdwood@unimelb.edu.au

and disadvantages. For example, tree-ring records in
Australia are limited to species growing in only a few
specific ecological environments (Pearson & Searson,
2002). Additionally, some proxies are not necessarily
located near large population centres, which are key to
future water-use and infrastructure policy planning.
One well-established source of climate proxy
information is speleothem calcite. Speleothems
have the advantage of being widely distributed
geographically and thus allow us to reconstruct local
palaeoclimate conditions at many sites. In addition,
they appear to be sensitive to both temperature and
rainfall (Proctor et al., 2002; Johnson et al., 2006)
and are ideally suited to radiometric dating via U-Th
and U-Pb protocols. This has led to their widespread
applicability to address a variety of palaeoclimate
problems (Mariethoz et al., 2012). In general, however,
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stalagmites are not ideally suited to investigation of
annual to decadal phenomena since their growth
rate is typically too slow or their layering is relatively
indistinct. One type of speleothem that does offer this
potential is soda-straw stalactites, or simply “straws”
(Desmarchelier et al., 2006; Jo et al., 2010), which
are often much faster growing (up to 4 cm per year;
Jo et al., 2010).
Soda-straw stalactites are hollow, usually calcitic,
cylinders that precipitate from cave drip points (Fig. 2)
and are a common feature of many caves (e.g. Moore,
1962). Ground water moves down the centre of the
straw, and hangs as a drip where CO2 degasses,
before the drip falls to the cave floor whereupon it
may form a stalagmite or flowstone. CO2 degassing
at the straw tip can cause calcite precipitation in
situ, and thus the straw grows progressively towards
the cave floor. Straws often display annual laminae
(e.g. Fairchild et al., 2001) expressed both as visible
banding and as trace element layering (e.g. Polyak
& Provencio, 2009). If actively growing at the time
of collection, these annual layers allow researchers
to ‘count back the years’, thus avoiding issues and
uncertainties associated with radiometric dating of
such young samples or aligning to orbital or other
records. As a result, straws would appear have great
potential for the construction of long (hundreds to
thousands of years) high-resolution (annual to subannual) palaeoclimate records.
Previous studies (Desmarchelier et al., 2006; Jo et
al., 2010) have observed basic relationships between
the chemistry of straws and climate variation. However,
these studies are either short in duration (Jo et al.,
2010) or may have been affected by analytical artefacts

(Fig. 1), in which large geochemical variations cannot
be directly attributable to large climatic disturbances.
In this contribution, we further investigate the utility of
straws as palaeoclimate proxies by providing a model
for the formation of layered straws and describe the
(possibly widespread) problem of surface contamination.

SAMPLES STUDIED
As a first step towards assessing the utility of soda
straws in palaeoclimate studies we attempted to
determine the growth structure of a typical sample.
Sample FC-01 is a 195 mm long straw with an
external diameter of ~6 mm. Banding is visible at a
scale of ~0.5 mm. This sample, previously analysed
in Desmarchelier et al. (2006) (and referred to as “FCSS5”), was collected from a small chimney in the main
chamber of Frankcombes Cave, Tasmania. FC-01 was
active at the time it was collected in February 1996.
The straw was arranged in four sections and mounted
on a glass slide. Banding along the outer edge of the
straw presents relief of ~2 µm, which, as we discuss
below, is not responsible for the observed variations
in trace-element content.
A second straw, FC-02, was collected from the
upper gallery of Frankcombes Cave in March 2011,
which is connected to the well-ventilated main
chamber by a large passage. The entire straw length
was ~ 1 m, and measured 5 mm in diameter, but
only the bottom 70 mm of the straw was recovered.
This straw was not active at the time of collection. It
was mounted in a resin block, and a section was cut
through the bottom 30 mm to reveal a longitudinal
section through its walls.

Fig. 1. The trace element record for FC-01 reported in Desmarchelier et al. (2006). Note that the record is marked by large amplitude anomalies in each trace
element that cannot be reconciled with local climate records.
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ANALYTICAL SETUP

All samples were ablated using an ArF excimer
laser connected to an Agilent 7700 quadrupole mass
spectrometer (see Woodhead et al., 2007 for a detailed
description of the laser system). Typical instrumental
conditions are detailed in Table 1.
Initially, to investigate surface contamination
phenomena (discussed below), a 55-µm spot size was
used, firing at 10 Hz and scanning at 30 µm.s-1. The
same profile of around 18.7 mm was repeatedly ablated
to produce a pseudo-depth profile. Subsequently, a
2-D map of the elemental structure of the straw was
constructed using a 19-µm spot, firing at 10 Hz, with
a cell translation speed of 5 µm.s-1. The NIST SRM
612 reference material was used for calibration, and
a stoichiometric Ca concentration of 40.04 wt% was
used as an internal standard for the samples. All
data were reduced using Iolite software (Paton et al.,
2011), and compositional maps were created using
the CellSpace module (Paul et al., 2012).

SURFACE CONTAMINATION

Fig. 2. Examples of soda-straws.

Frankcombes Cave is located in south central
Tasmania (42.53°S, 146.45°E, ~360 m above sea
level; Desmarchelier et al., 2006). The cave is
formed in the Ordovician marine limestone that
comprises the floor of the Florentine Valley. The cave
is 900 m long, with an upper and lower chamber. The
lower chamber contains an active streamway. Both
straws in this study were collected from the upper
chamber, which we estimate to be ~10–15 m below
the surface.
Climate records for the area are available from the
Australian government Bureau of Meteorology. The
average winter and summer temperatures are 7°C
and 19°C, respectively, based on nearby climate
stations. The average annual rainfall is 1240 mm
(±380 2 s.d., n = 27) based on measurements at
Maydena (42.77°S, 146.60°E) between 1924 and
1954. The forest above the cave was logged in the
late 1970s but has since regrown. Goede (1981)
documented a strong seasonal effect on dripwater
hardness at two drip points at Frankcombes
Cave, with a lag of 1–2 months between increased
mean monthly temperature and increased calcium
content, which he attributed to increased soil pCO2
during summer months.
As straws are predominantly calcitic, there is little
change in average molecular weight through the
sample. Thus, techniques such as backscattered
electron imaging are unlikely to show any detailed
structure. Instead, we have undertaken traceelement transects and mapping using laser ablationinductively coupled plasma-mass spectrometry (LAICP-MS).

Repeated ablation tracks along the outside edge of
sample FC-01 produced a pseudo-depth profile. We
estimate that each transect drilled approximately
4 µm into the sample. Pb and U concentrations are
shown in Fig. 3; similar results were also obtained for
Sr and Ba (not shown). The outer-most material (that
ablated in the first few transects) is characterised by
large-amplitude trace-element anomalies. These are
very similar to those documented by Desmarchelier
et al. (2006) on the same sample. However, repeated
ablation along the same transect shows that these
features are quite superficial and that continued
ablation reveals more regular trace-element layering.
We suggest that the outer layers of the straw may be
contaminated, possibly (based on textural evidence)
by material of biological origin, for example bacteria
growing on the outside of the straw, although this
requires verification.
The very low Pb levels eventually obtained after
multiple passes (< 1 µg.g-1, see Fig. 3) demonstrate
that the outer contaminated layers are eventually
removed and, at this point, the remaining traceelement data can be considered free of such artefacts.
This experiment suggests that after about four passes
Table 1. Typical instrument operating conditions.
Agilent 7700x
Forward power

1300 W

Reflected power

2W

Sample depth

3 mm

Dwell time

0.01 s

Carrier gas

0.89 1 min-1
Helex laser ablation system

Lambda Physik Compex 110 ArF excimer

193 nm

Laser fluence

~ 5 J cm-2

Spot size

19 or 55 µm

Repetition rate

10 Hz

He gas to cell

500 ml min-1
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of the laser, the surface contamination is removed,
and the underlying trace-element content is revealed.
Importantly, we find that Sr (and Ba) and U are
negatively correlated at this point. If the trace-element
concentrations were influenced by the surface relief
related to the banding, all elements would be expected
to show positive correlations. This is a further validation
that the observed trace-element patterns represent real
natural variation and not analytical artefacts.

THE STRUCTURE OF LAYERED SODA-STRAWS

Fig. 3. A waterfall plot of Pb and U concentrations measured along
a laser profile on straw FC-01. Note that the U concentrations are
smoothed. These plots show that after several passes of the laser, the
large amplitude surface anomalies are no longer evident, and a more
regular layering predominates.

Laser-ablation mapping of a cross section through
straw FC-02 reveals the 2-D spatial variation of the
trace-element layering, best recognised in plots of Ba
and Sr content, but also present in Mg (Fig. 4). Also
evident are areas of significantly higher Ba and Sr
concentration along the outer edge and at the tip of
the straw (also marked in light grey in the schematic
on the far right of Fig. 4). We interpret these areas
as surface contamination as discussed above. This
contamination has relatively low Mg content, and
therefore we have used the Mg map to delineate
the original outline of the straw. Layers are steeply
dipping towards the interior of the straw. Each layer
is also thickest at the outer edge of the straw, and
layering is almost parallel towards the interior of the
straw. Also of note is the reduction in layer width,
and increase in Sr, Ba and Mg content, as the straw
proceeds towards termination.

Fig. 4. Ba, Sr and Mg compositional maps of a cross-section through the tip of FC-02. Colour scales are in µg.g-1. At bottom is a schematic diagram
showing the layers based on the Ba and Sr maps. These maps show that layers are steeply inclined towards the centre of the straw and that traceelement enrichment is greatest at the outside edges of the straw.
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There is also a relatively high Mg layer on the innermost edge of the straw. Given that this straw was
inactive at the time of collection, we suggest that this
inner layer represents the final product of extensive
prior-calcite precipitation as the groundwater conduit
feeding this straw dried out.
Polyak & Provencio (2009) produced TEM images
of the calcite crystals in straws, which showed a
“feathery” texture. Their study also revealed inwardly
growing crystals towards the centre of the straw.
This is a feature that we have not observed in the
straws we have analysed, but variations in straw
morphology may be a result of variations in the
drip-water chemistry and recharge rate, and other
cave factors such as pCO2 and temperature. These
potentially combine to produce a large range in straw
sizes, growth rates and degrees of banding, with some
straws showing no obvious annual layering where
there is little annual variation in these variables.

A MODEL FOR LAYERED SODA-STRAWS
Based upon the structures defined in sample FC02 by laser-ablation mapping, we propose a genetic
model for straws of this type. Under this model, a
growth layer is produced annually, with each layer
being thickest on the outside of the straw because
the relatively higher rate of CO2 degassing occurs at
the base of the straw (i.e. where the drip contacts the
cave atmosphere) induces higher supersaturation
levels, culminating in higher growth rates (Fig. 5).
Layer thickness decreases towards the interior of the
straw most likely due to the slower removal of CO2 via
molecular diffusion towards the more rapidly degassing
zone near the tip. This implies that a supersaturation
gradient exists towards the straw tip, with the
fluid passing from a saturated state (no net calcite
deposition), through a saturation-supersaturation
boundary (where there is diffusion of CO2 towards the
tip) into the region of low supersaturation (relatively
slow rates of calcite precipitation) to a region of high
supersaturation at the straw tip (relatively rapid rates
of calcite precipitation). The position of the saturationsupersaturation threshold is likely to vary through
time according to changes in drip rate, solution
chemistry and straw extension rate. For example,
partial dissolution could occur in the interior if
percolation waters pass through the karst and into
the straw canal before saturation is reached, i.e. the
solution could still be undersaturated by the time it
reaches the entrance to the straw canal.
Based on sample FC-01, which displays broad
summer peaks in Sr and Ba, and narrow winter
troughs in the same elements, we suggest that during
summer higher soil pCO2, and therefore higher CaCO3
load (Goede, 1981), results in broad summer growth
bands and narrow winter troughs. Additionally, in
summer the amount of groundwater flow is less due
to decreased effective rainfall, thus more diffusion
occurs into a smaller volume of groundwater, and
each drop hangs from the straw for longer allowing
more CO2 degassing. Increased cave ventilation
during summer months due to a greater difference

Fig. 5. A model for layered soda-straws. As the drip hangs from the
tip, a combination of greater CO2 degassing and lower nucleation
energies occurs at the drip/straw-tip interface, producing wider layers
at the edge of the straw. See text for full details.

between the cave air temperature and the outside
air temperature could also lead to decreased
pCO2 within the cave, which would enhance CO2
degassing and calcite precipitation. Thus, we have
a combination of broad peaks with higher Sr and
Ba content during summer and vice versa during
winter. Although subtle, there is a slight increase
in trace element concentration towards the outside
of the straw. It is possible that this is due to kinetic
effects (e.g. Huang & Fairchild, 2001) owing to the
more rapid growth rate along the outer edge of the
straw. Ultimately, a detailed study involving rainfall,
temperature and cave atmosphere monitoring will
resolve some of these ambiguities.

CONCLUSIONS
Soda straws are very rapidly growing speleothems
that have the potential to furnish detailed (annual to
sub-annual) climate records covering long periods of
time. They are, at present, an underutilised resource,
however, with considerable uncertainty surrounding
both their mode of formation and structure. Here we
present a model for the formation of banded sodastraw stalactites based upon laser ablation elemental
mapping of their structure. Such models will form the
basis for interpreting future palaeoclimate records.
According to this model, to reveal the greatest
difference between summer and winter trace element
contents, analysis should be conducted along the
outer surface of straw. Here, surface contamination
can be a potential problem but the methods developed
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here to circumvent these effects opens up the
possibilities for future use of straws in palaeoclimate
studies focusing on recent (100–1000 year) climate.
The terminal features of FC-02 may provide an
example of the expected outcomes of straw growth
during drought periods, viz., reduced layer widths
and increased trace element contents.
One issue not addressed here is whether the features
recorded by straws are due to climate factors or simply
due to the unique hydrology of each drip. We suggest
that multiple straws be sampled from each cave to
remove the effects of individual drip characteristics
and to thus build up a more definitive picture of past
climate information.
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Abstract:

Keywords:

Niedźwiedzia Cave is the most beautiful cave in Poland, discovered in a block of Cambrian
marbles. It is the most important part of the reserve established in 1977. The cave is
located within the Kłodzko Valley, in Śnieżnik Mt. Massif, in Kleśnica Stream Valley and was
discovered in 1966 while working in a quarry. The study aimed at first mycological evaluation
of the air and the rocks in Niedźwiedzia Cave. Nine species of filamentous fungi and a yeast
species were isolated from the air sampled in the cave, whereas from the rocks - nine species
of filamentous fungi and two species of yeasts were collected. Rhizopus stolonifer was the
species most frequently isolated from the air and from the rocks, while the least isolated from
the air was Sclerotinia sclerotiorum. Among the species found in the rock, the least frequently
collected were Fusarium oxysporum and the yeast Rhodotorula rubra.
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INTRODUCTION
Cave ecosystems are very specific and they are different
from other ecosystems in that they experience relatively
stable low temperatures and that they are nutrient-poor
biotopes (Poulson & White, 1969; Barton & Northup,
2007). The making a cave available to visitors can result
in changes in its microclimatic conditions. Tourists
can contribute to increase in air temperatures, CO2
concentration (Hoyos et al., 1998) and they can serve
as a source of organic matter and new microorganisms.
All the listed factors may contribute to the growth
of microbial flora in a cave (Ogórek, 2012). Among
numerous biological agents, fungi and bacteria play a
critically important role in stone deterioration, e.g. by
biofilm formation and by their physical penetration into
the substrate. They can produce secondary metabolites,
which may cause chemical reactions with the substrate
and contamination of the substrate by pigments (Gu,
2003; Li et al., 2008). However, fungi are an important
part of cave mycobiota, because they play an important
role in the feeding strategies of cave fauna among other
decaying organic material (Nováková, 2009).
There are reports in the literature about fungi isolated
from the air of caves, cave rocks, sediments and biota
present in the caves (Gunde-Cimerman et al., 1998;
*rafal.ogorek@up.wroc.pl

Nieves-Rivera et al., 2009; Nováková, 2009; Bastian
et al., 2010; Jurado et al., 2010; Wang et al., 2010;
Trigo et al., 2011). Depending on the isolation place,
the composition of fungi species is different. Bats and
arthropods can bring secondary fungi to a cave. For
example, many scientists reported strong correlation
between cave fungi and arthropods (Kubátová &
Dvorák, 2005; Jurado et al., 2008), because a lot of
fungal species are entomopathogenic taxa (Samson et
al., 1988).
Nováková (2009) reported that ca. 69 genera of
fungi can be isolated from the air, flora and fauna of
the caves in Slovakia. Most of them were fungi such
as Aspergillus spp. and Penicillium spp. Among these
fungi, species can be found which are causing serious
diseases, as well as those being allergens in humans.
The first group includes such fungi as Aspergillus spp.
(aspergillosis of the lungs, sinuses, cornea, orbit, skin,
nails, and of ear canal), Rhizopus spp. (mucormycosis
of lungs, sinuses and generalized) and Fusarium spp.
(generalized fusariosis) (Adamski et al., 2008a, b). The
second group is the microbial agents causing allergies.
The fungi classified above, in the first group, belong
here as well, but apart from them there are also such
taxa as Alternaria spp., Acremonium spp., Cladosporium
spp. and Penicillium spp. (Adamski et al., 2008c).
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DESCRIPTION OF STUDIED CAVE

Niedźwiedzia Cave in Kletno is the most important
part of the reserve established in 1977. The cave is
located within the Kłodzko Valley, in Śnieżnik Mt. Massif,
in Kleśnica Stream Valley, and was discovered in 1966
while working in a quarry. Its geographic coordinates
are 50°14,068’ N and 16°50,558’ E, and its entrance is
located 800 m a.s.l. The length of its currently known
corridors is > 3 km (Pulina, 1970, 1989).
The cave complex includes three levels: the upper,
the middle and the lower, connected by chimneys. The
middle level is partly developed for visitors. The trail
starts at the entrance, which is the air lock, and then
leads to the Great Fissure. It passes the bridge over
the Great Fissure, the Step Chamber, and the concrete
corridor and reaches the Rice Threshold. The stairs
take the visitors to the Lions’ Hall, which is filled with
the internal, rubble-clayey sediments full of bones of
Pleistocene fauna. Later the visitors move through the
corridor dug in the sediments pile and walk upstairs,
into the chamber named the Bivouac, located at
the crossing of two corridors: one heads southwest,
towards the exit, and the second heads south, to the
Sinter Pools Corridor. From the Bivouac it is possible to
move through the corridor dug in rock to the Stalactite
Corridor, which passes into Palace Hall. From there,
the northeast-heading gallery takes the tourists to the
Cascade Lane, where there is the entrance to the upper
level. From the Palace Hall the corridor leads to the
western end, passing by the southeastern entrance
to the Hall of Sinter Pools and continues along the
artificial gallery to the Primitive Man`s Corridor. It then
leaves the cave through the Exit Gallery facilitated with
the system of air locks (Pulina, 1996).

Niedźwiedzia Cave is a habitat that has been in the
past and is currently inhabited by living organisms
(Wiszniowska, 1967, 1989). Samples mined from the
cave`s sediments contain hundreds of thousands
of debris fragments, consisting of vertebrate bones
and shells of snails. These allowed to detecting the
presence of, inter alia, remains belonging to 29 species
of mammals and shells of snails (29 species). The
contemporary living fauna in the cave is represented
by springtails, spiders, insectivores, bats and rodents
(Bieroński et al., 2007).

MATERIAL AND METHODS
The samples were taken on the 5 May 2012 from 3
locations inside Niedźwiedzia Cave: Lion`s Hall, The
Palace Hall, and Primitive Man`s Corridor (Fig. 1).
Mycological evaluation of the air

To examine the air, PDA medium (Potato Dextrose
Agar, Biocorp) was used. The sampler (Air Ideal 3P)

was programmed for the air sample volumes of 50 L,
100 L and 150 L. Measurement in particular locations
was performed in six-plicate for each volume. The
sampler was positioned 1.5 m above the level of the
cave floor. The incubation of the cultures on Petri
dishes of 90 mm diameter was carried out at room
temperature (22°C) for 2-7 days, in the darkness. After
the incubation the number of CFU/1.0 m3 (Colony
Forming Unit per 1.0 m3 of air) was calculated and the
fungi were identified.
Microbiological evaluation of the rocks
Mycological evaluation of the rocks in Niedźwiedzia
Cave was performed using three methods.

Fig. 1. Sampling location (Lion’s Hall, Palace Hall and Primitive Man’s Corridor) from the middle levels of Niedźwiedzia Cave.
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Debris sampling procedure.
Rock debris (1 - 3 cm in length) were collected using
the forceps from three locations in Niedźwiedzia Cave
and placed into sterile sampling bags (114 x 229 mm).
On the same day the rocks were placed on Petri
dishes with the solidified PDA medium (Biocorp).
From every research location 25 rocks were collected.
The incubation of cultures on Petri dishes of 90 mm
diameter was carried out at room temperature (22° C)
for 2-7 days in the darkness. After the incubation, the
number of CFU per 25 rocks was calculated and the
fungi were identified.
Swab sampling procedure.
Swabs were made using sterile swabs in transport
tubes (plastic applicator, viscose swab, of 15 cm length).
Material from every location was sampled with three
swabs, from the surface area of 1.0 cm2 and 5.0 cm2.
The samples were taken from the cave floor and from
its walls at the height of 1 m and 2 m above the floor.
On the same day, the collected samples were shaken
for 20 minutes in 50-ml Erlenmeyer flasks containing
10 ml of sterile distilled water. After shaking, the
samples were placed in a Petri dish, on the solidified
PDA medium, using serial dilution technique. The
incubation of cultures on a Petri dishes of 90 mm
diameter was carried out at room temperature (22° C)
for 2-7 days in the darkness. After the incubation, the
number of CFU per 1.0 cm2 rock surface and the fungi
were identified.
Rinse sampling procedure.
From every location 6 samples of rock debris were
collected using the forceps to sterile sampling bags
(114 x 229 mm). On the same day, each sample
(ca. 30 g) was shaken for 20 minutes in a 250-ml
Erlenmeyer flask containing 100 ml of sterile distilled
water. After shaking, the samples were placed in a
Petri dish, on the solidified PDA medium by using
serial dilution technique. The incubation of cultures
on Petri dishes of 90 mm diameter was carried out at
room temperature (22° C) for 2-7 days in the darkness.
After the incubation, the fungi were identified.
Fungal identification
After incubation (22° C, 2-7 days, in the darkness),
the fungal colonies grown on each one of the
Petri dishes of 90 mm diameter were counted and
identified. The specific identification of the sampled
fungi was performed using macro- and microscopic
observations, namely the morphology of hyphae,
conidia and sporangia, of the colonies that had
grown on culture media, according to the commonly
accepted methods used in mycological laboratories.
The fungi were identified using diagnostic keys (Raper
& Fennell, 1965; Raper & Thom, 1968; Ellis, 1971).
Media
The following media were used: Potato Dextrose
Agar (PDA, Biocorp), Czapek-Dox Agar (1.2% agar,
Biocorp) and Malt Extract Agar (MEA, Biocorp). PDA
medium and acidified PDA medium were used for the
isolation of fungi from the air and the rocks and for
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the identification of some species. Czapek-Dox agar
medium and MEA medium were used for identification
of the Penicillii and Aspergillii.

RESULTS AND DISCUSSION
The content of microorganisms in the environment
depends on many factors, inter alia on the
geographical location of a habitat, and on the season
of the year. However, the most important factors are
the air temperature and humidity (Kaiser, 2005).
The average annual air temperature and humidity
in Niedźwiedzia Cave amounted to ca. 6oC and 98%
(Table 1). The air humidity in the cave was conducive
for the survival and development of fungi, while the air
temperature, although facilitating their survival, was
not much contributory to their development (except
Cladosporium spp.). The content of fungi in the cave is
probably determined by other factors such as airflow
system in the cave, arthropods, bats or visitors, which
can bring secondary fungi to the cave (Hoyos et al.,
1998; Gu, 2003; Kubátová & Dvorák, 2005; Jurado et
al., 2008; Li et al., 2008; Voyroni et al., 2011).
Thirteen species of filamentous fungi and two
species of yeasts were isolated from Niedźwiedzia
Cave. Nine species of filamentous fungi and one yeast
species were isolated from the air sampled in the cave,
whereas from the rocks - nine species of filamentous
fungi and two species of yeasts were collected
(Table 2). The fungi such as Beauveria bassiana,
Cladosporium herbarium, Penicillium expansum
and Sclerotinia sclerotiorum were present only in
the air, whereas Fusarium oxysporum, Fusarium
graminearum, Mucor mucedo, Trichoderma harzianum
and the yeast Rhodotorula rubra were present only
on the rocks. The observed differences in species
composition of fungi between the air and the rocks in
the cave may be the artifacts caused by imprecision
of the testing methods used, or by the physiology of
Table 1. The average annual temperature and air humidity in
Niedźwiedzia Cave in Kletno – 2012.
Location of
measurement

Air temperature [°C]

Relative humidity of air [%]

Lion’s Hall

6.29

98.0%

The Palace Hall

6.16

98.1%

Primitive Man’s Corridor

6.08

98.0%

Table 2. Filamentous fungi and yeasts isolated from the air and the
rocks of Niedźwiedzia Cave in Kletno.
Taxa
Acremonium strictum W.Gams
Aspergillus niger group
Beauveria bassiana (Bals.-Criv.) Vuill.
Candida albicans Berkhout
Cladosporium herbarum Pers.
Fusarium oxysporum Schltdl.
Fusarium graminearum Schwabe
Mucor mucedo de Bary & Woron
Penicillium chrysogenum Westling
Penicillium expansum Link
Rhizopus stolonifer (Ehrenb.) Vuill
Rhodotorula rubra (Schimon) F.C. Harrison
Sclerotinia sclerotiorum (Lib.) de Bary
Ulocladium alternariae (Cooke) E.G. Simmons
Trichoderma harzianum Rifai
∑ species
*+ species present; −species absent
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Air
+*
+
+
+
+
−
−
−
+
+
+
−
+
+
−
10

Rock
+
+
−
+
−
+
+
+
+
−
+
+
−
+
+
11
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the isolated fungi (sporulation, secretion of secondary
metabolites). For example, fermentative microorganisms
excrete many organic acids into the environment,
including the lactic, acetic and butyric acids, which
may cause biodeterioration of natural stones, as well as
brick, concrete or mortars. Fungi of the genus Fusarium
belong to this group of microorganisms. (Gu et al., 1998;
Cwalina, 2008).
Most of the fungi and yeasts from the air and the
rocks were isolated from the Lion`s Hall and the least
- from the Primitive Man`s Corridor (Table 3, 4, 5). The
Lion`s Hall is the first location of research and is located
closest to the entrance to the cave, while the Primitive
Man`s Corridor is the last location of research and is
located closest to the exit to the cave. The abundance of
the fungi decreases from the entrance towards the exit
of the cave. Such situation is probably caused by the
airflow, which occurs in the cave during the summer,
or by the tourist traffic. Pflitsch and Piasecki (2003)
reported that behind the entrance to the cave, different
processes, anthropogenic and natural, may alter the air
circulation. During the summer season, a permanent
stream of the warm external air flows next to the cave
entrance area, and the air from the outside is conveyed
to the inside of the cave. The air flow can transfer
fragments of fungal mycelia and spores.
Rhizopus stolonifer was the most frequently isolated
fungus from the air and the rocks, while the least
isolated from the air was Sclerotinia sclerotiorum and
from the rock - Fusarium oxysporum and the yeast
Rhodotorula rubra (Table 3, 4, 5, 6). Rhizopus stolonifer is
omnipresent as a saprophyte and sometimes as a weak
parasite on stored organs (Agrios, 1997). It is the causal
agent of rhizopus rot disease of various plants and this
fungus commonly causes postharvest diseases on many
plants. Rhizopus stolonifer causes a soft, watery rot, and

Location of
measurement

Fungi or yeast species
Species
Aspergillus niger group

Lion’s Hall

The Palace
Hall

Primitive
Man’s
Corridor

In
total

1

Beauveria bassiana
(Bals.-Criv.) Vuill.

60

Cladosporium herbarum Pers.

40

Location of
measurement

Lion’s Hall

The Palace
Hall

Primitive
Man’s
Corridor

Lion’s Hall

Species
[%]

7.1

Fusarium oxysporum Schltdl.

1

Penicillium chrysogenum
Westling

9

Rhizopus stolonifer (Ehrenb.) Vuill

15

53.6

Rhodotorula rubra (Schimon) F.C.
Harrison

1

3.6

Aspergillus niger group

3

11.5

Mucor mucedo de Bary & Woron

4

15.4

Penicillium chrysogenum
Westling

5

Rhizopus stolonifer (Ehrenb.) Vuill

7

Trichoderma harzianum Rifai

5

19.2

Ulocladium alternariae (Cooke)
E.G. Simmons

2

7.7

Aspergillus niger group

1

4.8

Fusarium graminearum Schwabe

2

9.5

Mucor mucedo de Bary & Woron

5

Penicillium chrysogenum
Westling

7

33.3

Rhizopus stolonifer (Ehrenb.) Vuill

6

28.6

3.6
28

26

21

32.1

19.2
26.9

23.8

CFU / cm2
rock

Taxa
Candida albicans (C.P. Robin)
Berkhout
Mucor mucedo de Bary &
Woron
Penicillium chrysogenum
Westling
Rhizopus stolonifer (Ehrenb.)
Vuill
Acremonium strictum W.
Gams
Candida albicans (C.P. Robin)
Berkhout
Mucor mucedo de Bary &
Woron
Rhizopus stolonifer (Ehrenb.)
Vuill

Primitive
Man’s
Corridor

Ulocladium alternariae
(Cooke) E.G. Simmons
Mucor mucedo de Bary &
Woron
Penicillium chrysogenum
Westling
Rhizopus stolonifer (Ehrenb.)
Vuill

Total CFU/
cm2 rock
surface

4.28 * 10-2
3.84 * 10

0.9

-2

3.86 * 10-1

[%]

4.79

4.32

0.8
8.1
90.2

1.67 * 10-2

0.6

9.95 * 10

3.7

-2

3.65 * 10-2
2.21

2.69

1.4
82.1

2.34 * 10-2

0.9

3.07 * 10

11.4

-1

1.79-2
2.71 * 10

1.1
-1

1.62

1.33

16.7
82.2

17,2

Penicillium chrysogenum Westling

30

Rhizopus stolonifer (Ehrenb.) Vuill

100

43,1

Sclerotinia sclerotiorum
(Lib.) de Bary

1

0,4

Aspergillus niger group

1

0,5

Beauveria bassiana
(Bals.-Criv.) Vuill.

15

7,8

Candida albicans Berkhout

10

5,2

Cladosporium herbarum Pers.

20

10,4

Penicillium chrysogenum Westling

20

Penicillium expansum Link

15

7,8

Rhizopus stolonifer (Ehrenb.) Vuill

109

56,5

12,9

Table 6. Filamentous fungi isolated from the rocks of Niedźwiedzia
Cave in Kletno (rinse sampling procedure).
Location of measurement

3

1,6

Acremonium strictum W.Gams

10

7,1

Aspergillus niger group

10

7,1

Cladosporium herbarum Pers.

50

Rhizopus stolonifer (Ehrenb.) Vuill

70

35,7
50,0

Taxa
Acremonium strictum W. Gams

Lion’s Hall

10,4

Ulocladium alternariae (Cooke)
E.G. Simmons

140

[%]

2

Location of
measurement

25,9

193

Total CFU /
25 rocks

Aspergillus niger group

Trichoderma harzianum Rifai

0,4

232

CFU /
25 rocks

Taxa

Table 5. Filamentous fungi and yeasts isolated from the rocks of
Niedźwiedzia Cave in Kletno (swab sampling procedure).

The Palace
Hall

Table 3. Filamentous fungi and yeasts isolated from the air of
Niedźwiedzia Cave in Kletno.
Air – CFU/m3

Table 4. Filamentous fungi and yeasts isolated from the rocks of
Niedźwiedzia Cave in Kletno (debris sampling procedure).

Aspergillus niger group
Penicillium chrysogenum Westling
Rhizopus stolonifer (Ehrenb.) Vuill
Aspergillus niger group
Mucor mucedo de Bary & Woron

The Palace Hall

Penicillium chrysogenum Westling
Rhizopus stolonifer (Ehrenb.) Vuill
Trichoderma harzianum Rifai
Mucor mucedo de Bary & Woron

Primitive Man’s Corridor

Penicillium chrysogenum Westling
Rhizopus stolonifer (Ehrenb.) Vuill
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is a fast growing fungus developing on in broad range of
temperatures and relative humidities (Nishijima et al.,
1990). In humans it can cause mucormycosis of lungs,
sinuses and generalized mucormycosis (Adamski et
al., 2008a). Rhizopus stolonifer is a fungus commonly
present in the air. It has been confirmed by a mycological
study of indoor air (Ogórek, 2011; Ogórek et al., 2011a,
b) as well as the air analyses from the mountain trails
of the Snieżnik Massif, in which Niedźwiedzia Cave is
located (Ogórek et al., 2012).
Microbiological evaluation of the rocks in Niedźwiedzia
Cave was performed using three methods. Most of the
species of fungi were isolated using debris sampling
procedure and the least species by rinse sampling
procedure (Table 4, 5, 6). Differences in number of fungi
species on the rocks may be caused by imprecision
of the testing methods used or by the difference in
the samples, which were collected in each location.
Therefore, the microbiological evaluation of the rocks
should be accomplished using several methods.
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Book Reviews
Ian J. Fairchild and Andy Baker

Speleothem Science: From Process to Past Environments

Wiley Blackwell, 2012. Hardcover, 450 p., ISBN-10: 1405196203, ISBN-13: 978-1405196208, €57
The impressive growth of studies concerning past climatic changes fuelled by
the debate on global warming has increased the number of natural archives and
proxy data explored for paleoclimate and paleoenvironmental reconstructions. In
this framework, for years, speleothem science was relegated to a limited group
of researchers, often related to cave exploration and karst geomorphology. The
development of new suites of mass spectrometry for U series dating (namely, TIMS
and ICP-MS) has made it possible to drastically reduce the amount of material
necessary for dating speleothems in a way to make these natural archives very
suitable for paleoclimate research on terrestrial environments and for accurate
and precise dating of climatic events. In other words, speleothem science entered
in a new era. Now the attention to speleothems is not anymore relegated to a
limited group of researchers related to traditional karst geomorphology and
karst hydrology, and many groups are now widely interested in speleothems as
fundamental sources for exploring past climate over the continents.
Despite this increasing number of publications in the panorama of speleothem
science, a specifically devoted and complete book was necessary. Speleothem
Science by Ian J. Fairchild and Andy Baker is a particularly welcome and timely
book. Written by two leading authorities in the field, it represents the state of
the art in speleothem science, covering from the basic concepts on carbonates
rocks to the use of speleothems as multiproxy archives of past climate. The book
has a holistic approach and continuous links with other disciplines are present.
Some chapters of the book can be useful for Quaternary geologists, geochemists
and carbonate geologists and, obviously, paleoclimatologists. The whole book is
supported by a generous number of figures and graphs perfectly integrated in
the text and any aspect of speleothem science is deeply discussed. Well written,
perfectly readable (for the pleasure of non-mother tongue readers) and never
boring this book (with on-line supporting material) is not just useful for students
but perfect for who wants to be introduced to speleothem science. I wish to
recommend this book to students and researchers attracted not only by caves and
their archives but also interested in the new frontiers on paleoclimate researches
and looking for inspiration of application of new proxies also in environmental
geochemistry. I think for anyone of us, a book is important when we can learn from
it and it invites you to read and learn more providing access to the most important
and updated bibliography on the matter discussed. This is a great book that any
paleoclimatologist, geomorphologist and environmental geochemist should have,
not in their own library but on the office desk, ready to be read or consulted.
Finally, the price is reasonable and accessible for all pockets. This makes the
book of particular interest for all kinds of speleologists interested in improving
their knowledge on the wonderful world of caves.

Gianni Zanchetta (University of Pisa, Italy)
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Book Reviews
Trevor Shaw and Alenka Čuk

Slovene Caves & Karst, pictured 1545-1914

Založba ZRC, Ljubljana, 2012. ISBN 978-961-254-369-3, 230 p. 200x290,
258 b/w and colour illustrations, paper cover, € 25.00
Slovene Caves & Karst is the last book published by these authors already well
known for their activity as karst historians. As usual they produced a very special
book with an incredible collection of illustrations over a time interval of a almost
four centuries.
The most important karst features of Slovenia have been taken into account in
13 chapters. In addition a detailed biographical lexicon gives a lot of information
on the authors of the illustrations: engravings, paintings and photos. In order to
help readers from other countries an appendix listing the equivalent place names
in German, Slovene and English is provided.
The caves of this area are the heart of speleology from the historical point of
view, and therefore anyone interested in speleology, particularly before it became
officially a scientific branch of earth sciences, has a great source of data.
Surely this book should find a place in the shelf of any library dedicated to caves
and karst.
The authors are to be congratulated for their fantastic effort.

Arrigo A. Cigna
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Book Reviews
Neven Kresic

Water in Karst: Management, Vulnerability, and Restoration,

New York, McGraw-Hill, 2013. ISBN 978-0-07-175333.3, 19×24 cm, 736 p. + 14 p. of color plates,
hardbound, US $125 (also available as e-book)
This book addresses karst groundwater from the standpoint of water supply and
aquifer management. In this respect it is closely related to engineering-based books (e.g.,
Milanović, 2004), rather than those with a more geomorphic emphasis (e.g., Ford &
Williams, 2007). Thus the evolution of solution conduits is covered only briefly, whereas
their role in transmitting water and contaminants receives detailed treatment. This
approach, and the technical background of its author, make this book readily accessible
to groundwater consultants and managers.
Dr. Kresic received his Ph.D. from the University of Belgrade (Serbia) and afterward
taught there as a professor of groundwater dynamics and hydrogeology. He later moved
to America as a Fulbright Scholar at the U.S. Geological Survey in Virginia, and is now
a hydrogeologist at AMEC Environmental and Infrastructure, Inc., an international
consulting firm. He is also co-chair of the Karst Commission of the International
Association of Hydrogeologists.
The book is divided into three parts: karst hydrogeology and hydrology (3 chapters, 392
p.), management of water in karst (6 chapters 153 p.), and vulnerability and restoration
of water in karst (2 chapters, 140 p.). It is abundantly illustrated with monochrome
photographs, maps, and diagrams, plus 36 color photos and maps bound in the center. It
provides field examples from many karst areas throughout the world, especially Europe and
America. The author’s approach is technical, with theoretical concepts and math applied
to practical problems, but he also recognizes the sporting aspects of karst with photos of
muddy cavers, shaft descents, etc., supplied by some well-known cave photographers.
All significant topics in karst hydrogeology are covered in well-illustrated detail. The
text is clear, well organized, and free of superfluous technical jargon. Scientific terms
are clearly explained. Where appropriate, a clear distinction is made between traditional
hydrologic techniques and those that are uniquely suited to karst. Site investigations are
given broad treatment, with emphasis on data collection, delineation of drainage basins,
groundwater extraction, water vulnerability and aquifer restoration. Many case histories
are provided. Tools such as pumping tests, flow measurement, hydrograph analysis, dye
tracing, geophysical methods, remote sensing, and contaminant monitoring are described,
as are numerical and statistical modeling of water supply and contaminant transport.
Floods, droughts, and climatic variation are also covered. Special problems in karst are
included, such as the problem of defining source-water capture zones, subsidence, and
the leakage and breaching of dams. The book ends with a discussion of regulatory issues,
remediation techniques, and a welcome discussion of long-term sustainability.
This book will be invaluable to professional hydrogeologists, students, consultants,
and regulators. It is well suited to courses that focus on karst groundwater and should
at least be on the reading list for any advanced hydrogeology course, not only as a
valuable source in its own right, but also to help balance the overwhelming emphasis on
porous-medium flow presented by nearly all other hydrogeology books. Kresic speaks the
language of traditional hydrogeology and is able to bridge the gap between it and karst
science. Starting with familiar groundwater principles, he then steps easily over to karst.
In contrast, authors who emphasize karst geomorphology provide the conceptual basis
for explaining the evolution of karst groundwater through time. The two approaches
complement each other and together they illuminate the full spectrum of karst. Water in
Karst fits nicely into the applied portion of the field but is also highly recommended to
all karst students and scientists.
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